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ABSTRACT 
 
 The dairy industry has evolved through the years. There is a need to continuously 
improve on selective breeding programs and management strategies in order to produce 
superior animals that could meet the increasing demands for food as well as adapt to the 
changing environment. Currently, a substantial amount of research has focused on the 
metabolic and physiological adaptations observed in dairy cows, particularly involving 
changes in energy balance during lactation. Studies described herein are designed to 
elucidate metabolic changes in the lactating cow, with particular regard to adipose tissue 
metabolism, and determine how these changes observed at the cellular level could 
potentially contribute to the animal’s adaptive process. Study 1 focused on the regulation 
of lipolytic proteins in 2 different models of altered energy balance achieved via feed 
restriction and growth hormone administration. Data show that multiple mechanisms 
regulate lipolysis, resulting in changes in abundance and phosphorylation of various 
lipolytic proteins. Study 2 evaluated the direct impacts of heat stress on lipid metabolism 
in vitro, relative to the presence of a beta-agonist and insulin. Results suggest that acute 
heat stress directly increases the response of primary bovine adipocytes to lipolytic but 
not lipogenic stimuli, and that increased insulin sensitivity observed in heat-stressed cells 
may potentially contribute to the diminished lipolytic response observed in vivo. 
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CHAPTER 1: 
INTRODUCTION 
 
 
Background  
Energy balance is one of many factors that influence the dairy cow’s 
physiological activities. It is well established that dairy cows enter a state of negative 
energy balance (NEBAL) at the onset of lactation wherein energetic demands for milk 
production are not met by feed intake. This results in the mobilization of body reserves 
for energy necessary to support milk synthesis (Butler and Smith, 1989). The ability of 
the lactating dairy cow to adapt to these natural changes in energy balance is essential, as 
it influences the animal’s productivity and survivability in the herd. 
Dairy farming worldwide is undergoing changes driven primarily by supply and 
demand. Innovations in selective breeding programs and feeding systems have led to a 
dramatic increase in milk production, with records showing that milk yield per cow has 
more than doubled in the last 40 years (Oltenacu and Algers, 2005). As cows are selected 
for higher production, they partition a greater portion of available energy to milk rather 
than body tissue accretion (Bines and Hart, 1982; Bauman et al., 1985; Veerkamp and 
Emmans, 1995), leaving the perception that higher producing cows mobilize more tissue 
and are in greater and more prolonged periods of NEBAL than lower producing cows. 
Furthermore, NEBAL, although more commonly associated with the transition period, 
can also occur late in lactation during insufficient supply and quality of feed, particularly 
among pastured high-yielding dairy cows, as well as those that are fed a TMR without 
taking into account the different performance levels and individual requirements of the 
cow (Gross et al., 2011). It is important to determine how extensive NEBAL affects the 
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dairy cow especially since it is often associated with lower rates of reproduction, 
increased incidence of health problems and declining longevity in modern dairy cows 
(Oltenacu and Algers, 2005). 
Perhaps one of the major reasons for altering existing production systems in the 
dairy industry is climate change. Organisms can maintain a constant body temperature 
under a wide range of environmental conditions, but fail to function properly once their 
body temperature reaches a point outside this regulated thermal zone. With changes in the 
global climate adding to the high demands for food, environmental stress proves to be 
one of the greatest stressors challenging animal production today. In particular, heat 
stress, to which ruminants are highly susceptible, is a significant problem worldwide, 
costing farmers millions of dollars in lost productivity annually. An individual animal’s 
ability to cope with, and thrive in extreme climatic conditions can often spell the 
difference between high and low productivity. However, selection for more 
thermotolerant animals often leads to a decline in efficiency (Aggarwal and Upadhyay, 
2013). This poses a problem since lactating cows by themselves already create a large 
amount of metabolic heat, leaving their immune systems compromised and increasing 
their risk of suffering from thermal stress. Rhoads et al. (2009) reported that differential 
tissue mobilization in heat-stressed cows is independent of energetic state; nevertheless, 
the physiological changes observed during conditions of heat stress and/or undernutrition 
are highly similar, from decreased dry matter intake to suppressed immunity and 
reproductive ability. As agricultural production systems have increasingly become more 
intensive as well as efficient, so too has the desire to improve productivity and 
profitability. Furthermore, society dictates that animals be treated as humanely as 
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possible, which in turn has altered the manner in which production systems operate. 
Therefore, advances in our knowledge of the adaptive responses of animals, as well as the 
methods they employ to cope with such stressors will generate new practices that will 
improve not only production but also animal welfare. 
 Recent discoveries on the active role of adipose tissue as an endocrine organ have 
generated much interest particularly in the association between lipid metabolism and 
production efficiency in dairy cows. The role of adipose tissue throughout the lactation 
cycle is highly variable as well as critical. As mentioned previously, energy balance 
status at the onset of lactation is often compromised because at this stage, the dietary 
intake is insufficient to meet the body’s high energy demands, leading to elevated rates of 
tissue mobilization (lipolysis). During the later stages of lactation, lipogenic capacity 
increases, leading to replenishment of fat reserves once feed intake becomes adequate. If 
the balance between fat breakdown and synthesis is not maintained, milk yield depression 
may result, or the animal may become more susceptible to disease. Clearly, adipose tissue 
metabolism is an essential component of the homeostatic mechanisms involved in milk 
production, which in turn is influenced by several other metabolic processes. Regardless 
of energy balance, an understanding of the regulation of adipose tissue metabolism is 
essential in developing strategies to improve the adaptive capacities and productivity of 
the dairy cow, particularly under conditions of environmental stress. 
Objectives 
 Homeorhetic and homeostatic controls are important for adapting to various 
alterations in physiological and environmental conditions. The overall goal of this study 
was to investigate changes in lipid metabolism, in terms of substrate interactions and 
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responses to hormones (i.e. epinephrine and insulin) at the cellular level, and determine 
how these could potentially contribute to the adaptive process of the dairy cow.  
 Changes in lipolytic proteins relative to energy balance throughout lactation have 
been described previously. Hence, the first objective of this study was to further explore 
regulation of these lipolytic proteins in 2 other models of altered energy balance achieved 
via feed restriction and growth hormone administration. We hypothesized that abundance 
as well as phosphorylation of the various lipolytic proteins are altered when energy 
mobilization is stimulated by different pathways. 
The second objective was to evaluate the direct impacts of heat stress on lipid 
metabolism during lactation in the dairy cow, by looking at changes in vitro in the 
abundance and phosphorylation of various lipolytic proteins, relative to the presence of a 
beta-agonist and insulin. We further explored the effects of heat stress on fatty acid 
synthesis in terms of the incorporation of acetate into lipids of bovine primary adipocytes 
and changes in the lipogenic enzyme acetyl-CoA carboxylase (ACC).  
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CHAPTER 2: 
LITERATURE REVIEW 
 
Climate Change and Agriculture 
Causes of Climate Change 
 Evidence of changes in the global climate indicates that the planet is warming. 
Several indicators, including increased temperatures at the surface, in the troposphere and 
in oceans measured globally over the past 50 years are accompanied by increasing trends 
in extremes of heat and heavy precipitation events, as well as declines in extreme cold 
(NCA, 2013). Moreover, long-term temperature records from glaciers, corals, tree rings 
and other historical documents demonstrate that every decade in the late 20th century has 
been warmer than the preceding decades (NOAA, 2011; Hansen et al., 2012; Jones et al., 
2012). As reported by the U.S. Environmental Protection Agency (2014), the Earth’s 
average temperature has risen by 1.4°F over the past century, and is projected to rise 
another 2 to 11°F over the next 100 years.  
 There is broad scientific agreement that climate conditions are being altered on a 
global scale by human activities. Overall emissions of greenhouse gases from the burning 
of fossil fuels for energy, deforestation and other industrial processes contribute to the 
observed climatic changes (FAO, 2014). Emissions from human influences include heat-
trapping gases like carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), as 
well as particles such as black carbon (soot) and sulfates, which have warming and 
cooling influences, respectively (Wigley et al., 2013). Furthermore, the Consultative 
Group on International Agricultural Research (CGIAR) reported that agriculture is 
responsible for one-third of the total greenhouse gas emissions generated, with intensive 
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livestock farming contributing greatly to both CO2 and CH4 emissions in the global food 
system (2012).  
 As greenhouse gases build up in the atmosphere, they cause the Earth to trap extra 
energy from the sun, making the planet warmer. Temperature plays a significant role in 
how nature works, such that even a slight change in the average environmental 
temperature can have tremendous impacts on all living things, as well as most natural 
processes. Agriculture systems worldwide have developed in relatively stable climatic 
conditions, and while different regions will be impacted on differently, climate change 
projections will put pressure on the global capacity to produce food. It is therefore 
important to develop strategies that will help agricultural systems to adapt to increasing 
global temperatures, changing weather patterns and extreme events such as floods, 
droughts, heat waves and the like. 
Heat Stress and Its Effects on Animals 
Just as livestock contributes directly and indirectly to global warming through the 
emissions of greenhouse gases, livestock production systems are likewise vulnerable to 
environmental stresses brought about by climate change. There are 4 primary ways by 
which animal production is affected by changing climatic conditions: 1) feed-grain 
production, availability and costs; 2) livestock pastures and forage crop production and 
quality; 3) distribution of diseases, and that of vectors and parasites causing these; and 4) 
animal health, growth and reproduction (Scholtz et al., 2013; Hatfield et al., 2014). 
Depending on the region as well as the variety of breeds used for food production, the 
impacts of temperature stress often vary, thus generating great interest in understanding 
how domestic animals adapt to climate stressors. 
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Heat stress is one of the most important stressors and is considered to be a major 
threat to livestock sustainability because it often leads to poorer health and performance 
of animals. By definition, heat stress pertains to all forces related to high temperature that 
induce adjustments occurring from the subcellular to the whole-animal level to help 
organisms avoid physiological dysfunction and adapt to their environment (Aggarwal and 
Upadhyay, 2013). A term that is often associated with heat stress is the thermal neutral 
zone (TNZ), within which animals achieve homeostasis with the minimum use of 
thermoregulatory mechanisms (Du Prezz et al., 1990). Temperatures below or above the 
TNZ can trigger physiological and behavioral responses that affect an animal’s 
development and performance, or under extreme cases, lead to death. Knowledge of a 
particular organism’s comfort zones is of crucial importance, so that producers can take 
steps to minimize the harmful effects brought about by environmental stress and allow 
for optimum production. 
High temperature, high humidity, low airflow and direct sunlight collectively can 
result in heat stress. The temperature-humidity index (THI) is a bioclimatic index that is 
often used to assess the degree of heat stress in livestock (Hahn et al., 2003). In response 
to increased THI, mammals set physical, biochemical and physiological processes into 
play to try and counteract the negative effects of heat stress and maintain thermal 
equilibrium. The immediate reaction to increased heat load is increased respiration rates, 
decreased feed intake and increased water intake (Bernabucci et al., 2010). Apart from 
these, other general homeostatic responses to thermal stress in mammals include 
increased sweating, reduced fecal and urinary water losses and a major decline in 
production (Baumgard and Rhoads, 2012). Clearly, adaptation of mammals to heat stress 
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requires the physiological integration of many organs and systems including the 
endocrine, cardiorespiratory and immune systems (Altan et al. 2003). 
Heat Stress in Dairy Cattle 
Dairy cattle are homeothermic animals, maintaining a relatively constant internal 
body temperature when exposed to a wide range of ambient conditions. During the 
summer months, intense radiant energy is experienced for an extended period of time, 
usually in the presence of high relative humidity. Lactating cows by themselves already 
create a large amount of metabolic heat, and the prevailing environmental conditions 
leave their body cooling mechanisms compromised (Nardone et al., 2010). Heat 
production and accumulation cause heat load in the cow to increase to the point that body 
temperature rises, feed intake becomes low, and ultimately milk production declines. 
In order to adapt to heat conditions, dairy cows undergo a number of behavioral 
as well as physiological changes, mostly to mitigate environmental effects. Apart from 
reduced intake, these changes also include: decreased general activity, increased shade 
selection and water intake, lower growth and conception rates, increased respiratory and 
heart rates, panting activity, increased peripheral blood flow and sweating (Kennedy, 
1999). Collectively, these changes indicate that there is major strain to the animals that 
ultimately results in reduced health status. It is important to note that these activities 
differ depending on time of exposure to HS conditions, and exhibit large variations across 
animals within groups. Although these effects are well documented, the resulting changes 
in cellular function and gene regulation are still poorly understood. 
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Heat Stress Effects on Lactation 
 Reduced level and quality of milk production is one of the major impacts of HS 
on the dairy industry. Approximately 35% of the decline in milk yield observed during 
HS is attributable to reduced feed intake, while the remaining 65% is due to the direct 
effects of hyperthermia (Rhoads et al., 2009). However, quantifying the direct effects of 
thermal stress on milk production is often difficult, as it is also strongly influenced by 
other non-environmental factors such as nutrition and management. Nevertheless, many 
studies have demonstrated possible mechanisms that explain how milk yield and quality 
is reduced under HS conditions. During HS, decreased synthesis of hepatic glucose 
coupled with lower levels of non-esterified fatty acids (NEFAs) in the blood leads to a 
decline in the glucose supply to the mammary glands (Wheelock et al., 2010; Rhoads et 
al., 2010), ultimately leading to low lactose synthesis which in turn results in low milk 
yield (Nardone et al., 2010). Furthermore, when HS is experienced close to calving, the 
cow’s ability to produce high quality colostrum is reduced as a result of impaired transfer 
of maternal IgG’s to the colostrum (West, 2003). A significant drop in percentages of 
milk fat and protein was also observed during HS, perhaps resulting from a shift in 
nutritional partitioning that is necessary for the animal to cope with hyperthermia 
(McDowell et al., 1976; Bernabucci et al., 2014). 
A cow’s response to climatic change is affected by many factors. Certainly, 
reduction in milk yield is intensified by a decrease in feed consumption by the animals to 
compensate for the high environmental temperature (Blackshaw and Blackshaw, 1994). 
In addition to nutrition and the caloric content of feed, the intensity by which HS reduces 
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milk yield is further influenced by other factors such as breed, animal size, stage of 
lactation and level of production (Collier et al., 2012; Sharma et al., 1983).  
Early research suggested that the Jersey breed may be more heat tolerant than 
Holsteins (Harris et al., 1960; Collier et al., 1981). However, more recent studies on 
breed differences have produced mixed results, making it more difficult to determine 
which breed is most heat tolerant. One breed comparison reported no breed differences 
between lactating Jersey, Holstein-Friesian and Holstein-Friesian x Jersey cows in terms 
of mean or maximum body temperature or BCS (Kendall and Webster, 2009). On the 
other hand, West (2003) reported that Jerseys had a tendency to have cooler rectal 
temperatures across different THI ranging from 72 to 84, which is consistent with earlier 
findings by Collier et al. (1981).  West further stated that Holstein milk yield declined 
much more rapidly than that of Jerseys across the same range of THI. Additionally, in a 
retrospective study by Smith and colleagues (2013), they found that Holstein milk yield 
declined during moderate and severe HS, whereas Jersey milk yield declined only during 
severe HS. Overall, they concluded that although Jersey cows appeared to be more heat-
tolerant, this didn’t change the fact that Holsteins still produced larger volumes of milk. 
Other recent comparisons between Jersey and Holstein breeds exist (Garcia-Peniche et 
al., 2006; Heins et al., 2008), but none of these studies have used lactating cows to allow 
for a direct comparison of the effects of HS on milk yield of these breeds. Indeed, the 
discovery of any difference among cattle breeds in terms of heat tolerance will be very 
beneficial to dairy producers, as this will allow them to choose the most suitable animals 
for successful production.  
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Selection geared towards higher milk production has also impacted the average 
body weight of animals in most herds. Large cows have larger gastrointestinal tracts that 
allow them to consume and digest more feed, thus generating more substrates for milk 
synthesis (Aggarwal and Upadhyay, 2013). Concomitantly, changes in the physical and 
genetic constitution of these cows may have affected their thermoregulatory capabilities 
such that larger animals have the tendency to become less efficient, as more energy is 
partitioned towards body maintenance rather than milk production (Kadzere et al., 2002). 
Moreover, climatic conditions appeared to have maximum influence during the 
first 60 days of lactation, such that HS during early lactation negatively impacts total 
milk production (Aggarwal and Upadhyay, 2013). During this time, cows are in negative 
energy balance, and make up the deficit by mobilizing body reserves. Higher-producing 
cows are less likely able to cope when exposed to HS during this period because of the 
higher metabolic rate of these animals (Sharma et al., 1983). High-yielding cows are 
affected more than low yielding ones (Barash et al. 2001) because the upper critical 
temperature shifts downwards as milk production, feed intake and heat production 
increase (Silanikove, 2000). 
Heat Stress Effects on Reproduction 
 HS induces several physiological and biochemical changes in body functions that 
negatively affect the reproductive efficiency of dairy cattle. Hyperthermia has been 
observed to drastically reduce breeding efficiency and conception rates, as well as 
increase embryonic loss (Gwazdauskas et al., 1981 ; Hansen, 2005) .The detrimental 
effects of high ambient temperature and humidity on the animals’ reproductive processes 
may be summed up into these four aspects: 1) disruption of the reproductive pattern; 2) 
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impaired endocrine interactions and altered follicular development pattern; 3) reduced 
quality of sperm, oocytes and embryos; and 4) changed nutritional and energy balance 
state. 
 Under the influence of HS, the duration and intensity of estrus is reduced (Younas 
et al., 1993). Furthermore, the decline in motor activity and other behavioral 
manifestations of estrus (e.g. mounting) lead to increased incidence of anestrus and silent 
ovulation (Hansen, 1997), which in turn dramatically reduces estrus detection and 
chances of pregnancy. 
 The main factors regulating ovarian activity are gonadotrophin-releasing hormone 
from the hypothalamus and the gonadotrophins, luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) from the anterior pituitary gland. The effects of heat stress on 
these hormones and the mechanisms through which HS influences the function of the 
hypothalamic-hypophyseal-ovarian axis may be observed to be inconsistent due to 
variable reasons related to physiology and state of health of the animal (Aggarwal and 
Upadhyay, 2013).  In one study, FSH secretion from the pituitary gland does not appear 
to be impaired in animals exposed to high ambient temperatures (Gilad et al., 1993). 
However, a clear reduction in the pulse and amplitude of LH release has been observed in 
cows exposed to HS (Gilad et al., 1993; Gauthier, 1986). In these instances, estradiol 
secretion is reduced, expression of estrus is poor and fertility declines (Rensis et al., 
2003). Furthermore, the reduction in LH pulse and amplitude leads to delayed ovulation 
and decrease in the number and quality of oocytes which ultimately lower pregnancy 
rates (Diskin et al., 2002). In terms of other hormones, progesterone levels are markedly 
	   13	  
reduced, resulting in compromised reproductive function (Mann et al., 2001; Wolfenson 
et al., 2002). 
 The formation of gametes and development of early embryonic stages have been 
shown to be highly temperature sensitive. Hansen (1997) reported that the deterioration 
of bull fertility with respect to heat stress stems from the fact that hyperthermia leads to 
poorer morphological and functional semen quality. Moreover, HS, through delayed 
ovulation and follicular persistency can lead to the ovulation of an aged, poor quality 
oocyte which is associated with low fertilization rate and embryonic mortality (Sartori et 
al., 2000; Al-Katanani et al., 2001; Roth et al., 2000).  
It is very clear that the negative effects of heat stress on reproduction is the result 
of the direct influence on reproductive functions and embryonic development and indirect 
influences mediated through changes in energy balance. In heat stressed dairy cows, dry 
matter intake is reduced prolonging the period of negative energy balance and negatively 
influencing the plasma concentrations of insulin, IGF-1 and glucose (Jonsson et al., 1997; 
Ronchi et al., 2001). These often result in poor follicular development, low estrus 
expression and poor quality of oocytes. 
Heat stress effects on metabolism 
 Heat stress induces changes in post-absorptive metabolism that are independent of 
reduced feed intake and whole-animal energy balance (Baumgard and Rhoads, 2013; 
Wheelock et al., 2010). These changes may be considered as adaptive strategies, as the 
animal tries to maintain normal body temperature under extreme environmental HS. One 
of the major differences observed between hyperthermic and heat tolerant animals 
involves glucose metabolism. Baumgard and Rhoads (2011) described heat-stressed 
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animals to be “metabolically inflexible” because of their inability to employ glucose-
sparing mechanisms to prioritize milk synthesis. Meanwhile, the effect of HS on protein 
metabolism is apparent in changes in the mammary α- and β-casein synthesizing 
machinery, in which summer milk was observed to have lower contents of crude proteins 
and caseins (Bernabucci et al., 2002). These α- and β-casein units represent 
approximately 90% of total caseins and contain high numbers of phosphate groups 
(Schmidt, 1980), the phosphorylation of which requires the presence of ATP (Mercier 
and Gaye, 1983). Under energy deficit conditions, this phosphorylation is significantly 
impaired, such that it has been hypothesized that lower α- and β-casein content observed 
in summer milk may be attributed partially to a reduction in energy and protein 
availability consequent to HS (Lacetera et al., 1996; Nardone et al., 1997). Additional 
evidence indicating that HS directly affects protein metabolism is increased skeletal 
muscle breakdown, which has been reported in several species, including cattle 
(Baumgard and Rhoads, 2011; Wheelock et al., 2010). Skeletal muscle (amino acids in 
particular) is mobilized during periods of inadequate nutrient intake or disease to provide 
substrates necessary for energy metabolism. It is still not clear, however, whether the 
increased breakdown of skeletal muscle is a result of catabolism or heat-induced muscle 
damage and proteolysis (Rhoads et al., 2013). As far as lipid metabolism is concerned, 
heifers exposed to HS and in negative energy balance do not lose as much body weight as 
their pair-fed thermal neutral counterparts (Ronchi et al., 1999). In addition, hyperthermic 
cows elicited a much lower NEFA response to an epinephrine challenge as compared to 
their pair-fed thermal neutral counterparts (Baumgard and Rhoads, 2011). The lack of an 
elevated NEFA response is unexpected, as acute HS causes an increase in circulating 
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cortisol, norepinephrine and epinephrine levels (Collier et al., 2005; Bernabucci et al., 
2010), which are known to be catabolic signals that normally stimulate lipolysis and 
adipose tissue mobilization. The fact that heat-stressed cows fail to enlist this ‘shift’ in 
post-absorptive energetic metabolism especially during periods of inadequate nutrition 
may be indicative of the direct impact of heat stress on energetics that is independent of 
feed intake. 
Adipose Tissue Metabolism 
 Prior to the discovery of leptin and subsequent identification of other adipose 
tissue-derived mediators like adiponectin and resistin, adipocytes were considered to be 
no more than just passive storage cells for fat – a metabolically inactive tissue whose 
main functions were thermal insulation and mechanical support (Frayn, 1989). However, 
a clearer understanding of the roles of these “adipokines”, as they are collectively known 
(Kadowaki et al., 2006), dramatically revised this traditional view of adipose tissue, 
which is now considered as an important endocrine organ, with multiple roles in the 
maintenance of energy homeostasis and regulation of whole body physiology (Kershaw 
and Flier, 2004).   
The primary role of adipose tissue is to allow storage and liberation of 
triacylglyceride reserves to provide fatty acids (FAs) that serve as oxidative fuels for 
other tissues during crucial periods of energy deprivation, a process known as lipolysis. 
Under conditions of energy surplus, dietary non-esterified fatty acids (NEFAs) are 
esterified to triacylglycerols (TAGs), which are subsequently stored in cytosolic lipid 
droplets (LDs) within adipocytes. In response to increased energy demands, these FAs 
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are mobilized for use by peripheral tissues for β-oxidation and ATP production. Although 
other non-adipose tissues are able to esterify FAs into TAGs and re-hydrolyze them 
depending on energy requirement, lipolysis for the provision of FAs as an energy source 
for other organs is a unique function of adipocytes (Ahmadian et al., 2007). 
The hydrolysis of stored intracellular triacylglycerides during times of negative 
energy balance is made possible through the action of several proteins involved in a 
complex series of interrelated cascades mediated through the protein kinase A (PKA) 
pathway (Figure 2.1). The current model is that adipose triglyceride lipase (ATGL), 
which exhibits high substrate affinity for TAGs and is predominantly expressed in 
adipose tissue, performs the rate-limiting step in lipolysis (Zimmermann et al., 2004; 
Granneman et al., 2007), generating diacylglycerol (DAGs) and NEFAs in the process. 
Hormone sensitive lipase (HSL) and monoacylglycerol lipase (MGL) then break down 
DAGs and monoacylglycerol (MAG) respectively (Lass et al., 2011; Karlsson et al., 
1997), thereby releasing additional FAs and glycerol. Indeed, the molecular machinery 
involved in TAG hydrolysis and FA release works in a highly orchestrated fashion, 
allowing adipocytes to respond to various feeding conditions and energy demands. In 
dairy cattle, the abundance and phosphorylation states of these different lipolytic proteins 
are altered with changing energy balance in order to facilitate coordinated metabolic 
changes necessary to support lactation (Faylon et al., 2014). 
Binding of catecholamines (epinephrine, norepinephrine, etc.) to β-adrenergic 
receptors (β-AR) activates adenylate cyclase via G-proteins and converts adenosine 
triphosphate (ATP) to cyclic adenosine monophosphate (cAMP; Campagna et al., 2008), 
which consequently leads to the activation of PKA. In rats, PKA phosphorylates HSL at 
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serine residues 563, 659 and 660 (Anthonsen et al., 1998; Shen et al., 1998; Gaidhu et al., 
2009), allowing its translocation from the cytosol to the lipid droplet (LD). The 
phosphorylation of another LD-associated protein, perilipin (PLIN), by PKA has also 
been demonstrated to be necessary for the activation of HSL (Greenberg et al., 1991). 
Under basal conditions, PLIN surrounds the LD, preventing HSL-LD interaction. 
Phosphorylation of PLIN, however, triggers a conformational change that provides HSL 
access to the LD and its lipid substrate, thereby allowing catecholamine-induced lipolysis 
to occur. Conversely, the cellular energy sensor AMP-activated protein kinase (AMPK) 
phosphorylates serine-565 of HSL, inhibiting PKA-mediated phosphorylation of this 
enzyme, thus preventing lipolysis (Garton et al., 1989). It was proposed that this 
impairment of lipolysis via the action of AMPK may be important to prevent lipotoxicity 
in peripheral tissues as well as reduce the costly process of re-esterifying FAs in adipose 
tissues (Anthony et al., 2009; Gauthier et al., 2008).  
ATGL activity is likewise stimulated by catecholamines (Gaidhu et al., 2009), 
although the molecular mechanism by which this occurs is still not clear. Unlike HSL, 
phosphorylation of ATGL at various serine residues has no effect on its activity. 
However, there is compelling evidence that the maximal activity of ATGL depends on its 
association with its co-activator comparative gene identity 58 (CGI-58; Schweiger et al., 
2006), drastically enhancing ATGL-mediated lipolysis without affecting HSL activity 
(Lass et al., 2006). Normally, CGI-58 is also localized to the LD in association with 
PLIN. Upon hormonal stimulation and subsequent phosphorylation of PLIN, CGI-58 
dissociates from PLIN and translocates to the cytosol where it interacts and potently 
activates ATGL, resulting in TAG breakdown (Lass et al., 2006). 
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The relative importance of ATGL is demonstrated by studies of gene ablation and 
functional loss of the enzyme. ATGL-deficiency in mice is associated with reduced 
lipolysis resulting in excessive fat deposition in several tissues including fat, liver, 
muscle, kidney and lung (Lass et al., 2011). Furthermore, siRNA directed against ATGL 
has been shown to decrease glycerol and FA release in 3T3-L1 adipocytes (Zimmermann 
et al., 2004). This decrease was more pronounced when adipocytes from HSL-null mice 
were utilized, suggesting that cooperativity exists between these enzymes (Duncan et al., 
2007). Indeed, optimal rates of lipolysis have been observed in the presence of both 
ATGL and HSL. 
 The other important aspect of the regulation of lipolysis is its inhibition. 
Refeeding attenuates adipocyte lipolysis, primarily through the anti-lipolytic action of 
insulin, which involves both cAMP-dependent and cAMP-independent mechanisms. 
Decreased levels of cAMP in the adipocyte result in the suppression of lipolysis. Insulin 
binding causes autophosphorylation of its receptor, initiating a signaling cascade that 
consequently leads to the phosphorylation of phosphodiesterase 3B (PDE3B; Langin et 
al., 2006). PDE3B degrades cAMP, preventing the phosphorylation and activation of 
PKA that is necessary for HSL-mediated lipolysis. Meanwhile, cAMP-independent 
regulation of lipolysis by insulin involves the stimulation of protein phosphatase 1 (P1), 
which is responsible for dephosphorylating and deactivating HSL, thereby causing a 
decrease in the rates of lipolysis (Londos et al., 1985; Olsson et al., 1987; Stralfors et al., 
1989). 
 Autocrine/paracrine regulation of lipolysis has also been observed. The concept of 
the adipose tissue being an active endocrine organ was established with the discovery of 
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cytokines. Among these is adenosine, which is abundantly released from adipose tissue 
e.g. during sympathetic nerve activation (Fredholm et al., 1976).  Several studies showed 
that the adenosine A1 receptor is responsible for the inhibition of lipolysis (Lonnroth et 
al., 1989). In rat adipocytes, the antilipolytic effect of adenosine was inhibited by the 
addition of adenosine deaminase (ADA), which converts adenosine to the much less 
active inosine, allowing catecholamine-induced lipolysis to proceed (Johansson et al., 
2007). Similarly, inhibition of lipolysis is attenuated by the addition of theophylline, 
known to be an  adenosine A1 receptor antagonist and a nonselective inhibitor of 
phosphodiesterase which lets the cAMP cascade to remain fully active (Flechtner-Mors et 
al., 2005). Together, adenosine and insulin mediate additive antilipolytic effects that 
contribute to the regulation of lipolysis in adipocytes. 
 Adipose tissue is also the site for fatty acid synthesis in ruminants, with acetate as 
the main carbon source for lipogenesis in adipose tissue (Ballard and Hanson, 1967). 
Ballard and Hanson (1967) were the first to explain that glucose was a poor precursor for 
long-chain fatty acids because of very low activities of citrate cleavage enzyme 
(ATP:citrate lyase) and malic enzyme (NADPH-malate dehydrogenase) in ruminant 
lipogenic tissues in comparison to those in rats. Therefore, acetate and not glucose was 
considered the principal generator of cytosolic acetyl-CoA for de novo fatty acid 
synthesis, which occurs in the cytosol. Key enzymes involved in de novo fatty acid 
synthesis include acetyl Co-A carboxylase, fatty acid synthase (FAS), glucose-6-
phosphate dehydrogenase (G-6-PDH), and glycerol-3-phosphate dehydrogenase (G-3-
PDH; Zhao et al., 2010). 
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Indeed, lipid metabolism is maintained by a complex interaction of hormonal and 
nutritional systems (McMurray et al., 2005), and is further complicated by environmental 
factors that could also affect energy intake and expenditure.  Results of previous research 
suggest that among these, hyperthermia may be an important regulator of lipid 
metabolism, due in part to its effect on insulin sensitivity. Alterations in the endocrine 
and metabolic status induced by hyperthermia have been reported in numerous animal 
species (Bernabucci et al., 2002; 2006; Rhoads et al., 2009), instigating a growing 
concern over the negative effects of heat stress on the viability and sustainability of 
livestock production systems. Ronchi and colleagues (1999) demonstrated that heat stress 
has a direct effect on energy, lipid metabolism and liver enzymatic activities of Holstein 
heifers. Additionally, a reduction in energy intake combined with increased energy 
expenditure for maintenance lowers energy balance, and partially explains why lactating 
cattle lose substantial amounts of body weight during severe heat stress (Rhoads et al., 
2009). 
Clearly, alterations in lipid metabolism are tantamount to many pathophysiological 
consequences that are highly linked to the metabolic syndrome. Although to date, several 
pieces of information regarding the effects of thermal stress on metabolism are available, 
the intracellular components and mechanisms that participate, directly or indirectly, in the 
control of lipid trafficking in response to hyperthermia are less well known. 
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Figure 2.1. Lipolysis mediated through the protein kinase A (PKA) pathway. In adipose 
tissues, β-adrenergic stimulation of lipolysis leads to the consecutive hydrolysis of 
triacylglycerols (TAGs) and the formation of fatty acids (FAs) and glycerol. The process 
requires 3 main enzymes: adipose triacylglyceride lipase (ATGL) cleaves the first ester 
bond in TAGs, hormone sensitive lipase (HSL) preferentially breaks down 
diacylglycerols (DAGs) and monoacylglycerol lipase (MGL) finally hydrolyzes 
monoacylglycerols (MAGs) into FA and glycerol. For full hydrolytic activity, ATGL 
interacts with its co-activator protein comparative gene identy 58 (CGI-58), while HSL is 
phosphorylated, translocates to the lipid droplet (LD) where it associates with 
phosphorylated perilipin (PLIN). 	  	  	  	  	  
	   22	  
CHAPTER 3: 
REGULATION OF LIPID DROPLET-ASSOCIATED PROTEINS FOLLOWING 
GROWTH HORMONE ADMINISTRATION AND FEED RESTRICTION IN 
LACTATING HOLSTEIN COWS  
 
Abstract 
Lipid metabolism plays a crucial role in the adaptation of dairy cows to periods of 
energy insufficiency. The objective of the current study was to determine if lipolytic 
proteins are consistently regulated when energy mobilization is stimulated by different 
factors. We evaluated two models of altered energy balance in mid-lactation Holstein 
cows, including feed restriction (FR) and administration of bovine growth hormone 
(GH), by quantifying the abundance and/or phosphorylation of hormone sensitive lipase 
(HSL), perilipin (PLIN) and adipose triglyceride lipase (ATGL). For GH administration, 
adipose tissue and blood samples were collected 4 d prior to, and 3 and 7 d post 
administration of GH (N=20 cows). Similarly, adipose and blood samples were obtained 
6 d prior to, and 1 and 4 d after initiation of FR (N=18 cows). Estimated net energy 
balance decreased and NEFA increased in both experimental models. Decreased ATGL 
and PLIN protein abundance was observed with GH administration and FR.  
Additionally, the abundance of phosphorylated HSLSer565 decreased in both models. 
Decreased abundance of phosphorylated PLIN was observed with GH administration, but 
not FR. Decreased ATGL protein abundance appears to be a consistent response to 
energy insufficiency in lactating cows, as this response was also described with negative 
energy balance at the onset of lactation. In contrast, the abundance of PLIN protein and 
phosphorylation of HSLSer565 were altered in the current research, but not at the onset of 
lactation. Our findings demonstrate that lipolysis is altered through the regulation of 
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multiple proteins, and that this regulation differ according to physiological state in 
lactating cows.  
Introduction 
Lipid metabolism is critical to the balance between production and fitness traits 
that contribute to the survival and reproduction rates of lactating dairy cattle. During 
times of energy insufficiency, lipid metabolism favors lipolysis and body fat energy 
reserves in the form of triacylglycerides are mobilized to support lactation. Proper 
regulation and coordination of lipolysis are essential to ensure the availability of adequate 
energy for lactation, maintenance and reproduction.  
Lipid mobilization is a highly conserved process involving multiple enzymes 
which are regulated at the post-translational level (Watt et al., 2008; Lampidonis et al., 
2011). For many years, hormone sensitive lipase (HSL) was believed to be the rate-
limiting enzyme of lipolysis (Duncan, 2007). The cAMP-dependent activation of protein 
kinase A (PKA) leads to phosphorylation of HSL, which in turn allows the translocation 
of HSL to the lipid droplet (LD) and enhances enzyme activity (Haemmerle et al., 2002). 
Perilipin (PLIN) is a protein found on the surface of LDs and is also a target of PKA-
mediated phosphorylation in 3T3-L1 adipocytes (Moore et al., 2005; Brasaemle, 2010). 
Under basal conditions, PLIN protects the LD from HSL-mediated lipolysis. Once 
phosphorylated, PLIN undergoes a conformational change, allowing HSL access to the 
lipid droplet and its lipid substrate (Miyoshi et al., 2006). More recently, the 
characterization of HSL-deficient mice provided compelling evidence that revised the 
concept that HSL is uniquely responsible for the hydrolysis of triacylglycerols and 
diacylglycerols of stored fat (Ryden et al., 2007). Adipose triglyceride lipase (ATGL) is 
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predominantly expressed in mouse adipose tissue and exhibits high substrate specificity 
for triacylglycerides (Villena et al., 2004; Zimmermann et al., 2004). ATGL becomes 
activated by another LD-associated protein, comparative gene identity protein 58 (CGI-
58), following its dissociation from and upon phosphorylation of PLIN (Granneman et 
al., 2007; Schweiger et al., 2008). It has been demonstrated in human and animal models 
such as pigs and mice that ATGL abundance increases in response to glucocorticoids and 
caloric restriction, suggesting that its protein abundance becomes elevated with an 
increasing demand for lipid mobilization due to metabolic or pharmacologic stimuli 
(Deiuliis et al., 2008). However, little is known about the regulation of ATGL or other 
lipolytic proteins in dairy cattle. 
The underlying hypothesis of the current research is that the abundance and 
phosphorylation of HSL, PLIN and ATGL are altered with changing energy balance in 
order to facilitate coordinated metabolic changes necessary for lactation. We previously 
described changes in lipolytic proteins relative to changes in energy balance that occur 
throughout a lactation cycle (Koltes and Spurlock, 2011). The objective of the current 
study was to determine if lipolytic proteins are consistently regulated when energy 
mobilization is stimulated by different pathways.  To accomplish this objective, we 
evaluated two additional models of altered energy balance in mid-lactation Holstein 
cows: feed restriction and administration of bovine growth hormone. We then quantified 
the abundance or phosphorylation or both of HSL, PLIN and ATGL in response to these 
models of altered energy balance. 
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Materials and Methods 
All animal experiments in this study were performed under a protocol approved 
by the Iowa State University Institutional Animal Care and Use Committee. 
Animals 
The animals and experimental treatments used in this research have been 
described previously (Koltes and Spurlock, 2011; 2012). Briefly, cows were trained and 
acclimated to the Calan Broadbent feeding system (American Calan, Northwood, NH) for 
4 to 6 d prior to initiation of each experiment. Cows were fed ad libitum, and received a 
basal diet formulated using National Research Council (NRC, 2001) recommendations to 
meet or exceed the nutritional requirements of lactating cows. Individual feed intake was 
measured on a daily basis. Dry matter and net energy content (NEL) were determined 
from TMR samples. Body weights were recorded weekly, following milking in the 
morning. Milk yield was recorded at each milking, and the percentage of fat, protein and 
lactose were determined from weekly samples collected at a morning milking. Net energy 
balance was estimated as the difference between NEL consumed and utilized for milk 
production and maintenance (NRC, 2001). 
Three adipose tissue biopsies were taken from each cow. During each biopsy, four 
1-g samples of subcutaneous adipose tissue were collected from the tailhead region using 
a minimally invasive procedure as previously described (Koltes and Spurlock, 2011; 
2012). The adipose tissue samples were immediately frozen in liquid nitrogen and stored 
at -80°C until protein analysis. Samples were obtained from alternating sides of the cow, 
and the third biopsy sample was obtained approximately 5 cm anterior to the previous 
biopsy location.  
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To confirm the experimental treatments stimulated lipolysis, blood samples were 
obtained via jugular venipuncture following each biopsy for measurement of non-
esterified fatty acids (NEFA). The concentration of NEFA was determined using a 
commercially available kit following the manufacturer’s protocol (Randox Laboratories, 
Co. Antrim, N. Ireland, UK). 
Feed restriction (FR). Eighteen multiparous Holstein cows between 175 and 210 
d postpartum were used in two replicates (N=9, N=9) which were done one month apart. 
Baseline feed intake measurements were obtained for 5 d prior to initiation of treatment. 
In order to simulate energy insufficiency similar to that of the transition period, feed 
intake was restricted to achieve a targeted energy balance level of -10 Mcal, with a 
maximum restriction of 50% of the baseline feed intake. On the third day of feed 
restriction, the quantity of feed provided to each cow was readjusted to account for 
changes in milk production.  Cows were fed four times daily throughout the feed 
restriction period.  Adipose tissue samples were collected 6 d prior to (control), and 1 and 
4 d after initiation of restricted feeding. Likewise, blood samples were taken immediately 
following each biopsy for analysis of NEFA, as previously described. In this 
experimental design, biopsy 1 serves as the control for biopsies 2 and 3, within cow.  
Growth hormone (GH) administration. Twenty multiparous Holstein cows 
between 175 and 210 d postpartum were evaluated in two replicates, separated in time by 
2 days. As with the previous experiment, baseline feed intake was measured for 5 d prior 
to administration of GH.  Bovine GH was administered as a single dose of Posilac® 
(Elanco, 500mg sometribove zinc), given via a subcutaneous injection in the neck.  
Adipose tissue was sampled 4 d pre- (control), and 3 and 7 d post-administration of the 
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GH.  Similarly, blood samples were collected immediately following each biopsy for 
NEFA analysis. As with the Feed Restriction treatment, biopsy 1 serves as the control for 
biopsies 2 and 3, within cow.  
Semi-quantitative Western Blotting 
Total abundance of HSL, ATGL, and PLIN was determined by semi-quantitative 
Western blotting. Additionally, phosphorylation of HSL using antibodies targeting serine 
residues 563 and 565 (HSLSer563 and HSLSer565) was investigated because these sites are 
targeted by PKA (HSLSer563) and adenosine monophosphate-activated protein kinase 
(AMPK; HSLSer565) to stimulate and inhibit HSL activity, respectively, in both human 
skeletal muscle and adipose tissue (Watt et al., 2006).  These antibodies are predicted to 
target serine residues 552 and 554 of the bovine HSL amino acid sequence (P16386), but 
will be referred to as HSLSer563 and HSLSer565 for consistency with the literature.  
Phosphorylation of perilipin (PPLIN) was determined using the total PLIN antibody, but 
the phosphorylated form of the protein was revealed by size separation during gel 
electrophoresis. The PLIN antibody is specific for bovine, and while the rest of the 
primary antibodies used in this study were produced based on human sequence, BLAST 
searches revealed high sequence homology (91%) and identity (92%) with the bovine 
sequence. The protocol for the extraction and preparation of proteins from adipose tissue 
for use in Western blotting has been previously described (Elkins and Spurlock, 2009).  
Bicinchoninic assay (BCA; Pierce Protein Research, Rockford, IL) was performed to 
determine protein concentrations, which were used to standardize the quantity of total 
protein loaded onto each gel. In addition, arbitrarily chosen samples were loaded onto 
lanes flanking the samples from each cow to serve as standards for normalization across 
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gels. Proteins were separated overnight in 10% [for detection of phosphorylated perilipin 
(PPLIN)] or 8% (for detection of all other proteins) SDS-polyacrylamide gels and 
transferred to polyvinylidine fluoride membranes. Following transfer, membranes were 
blocked with 5% milk in TBS-T for at least 1 hour. Blots were incubated with the 
primary antibodies (Table 1), followed by incubation with anti-rabbit IgG horseradish 
peroxidase-linked secondary antibody (GE Healthcare, Pittsburgh, PA). Protein bands 
were detected with the ECL Plus Western Detection Kit (Amersham, Pittsburgh, PA) 
using an Alpha Innotech Imager (FluorChem FC2, Cell Biosciences, Santa Clara, CA) 
and quantified using Totallab software for 1D gel analysis (TL100, v2009; Totallab Ltd., 
Newcastle upon Tyne, UK). Data for each sample were normalized using the average 
value of the two standard lanes flanking the samples from each cow. Protein abundance 
was expressed in relative units for subsequent statistical analyses. 
Data Analysis 
All data were analyzed as a completely randomized design using the Proc Mixed 
procedure of SAS (SAS Institute, 1999). The model included biopsy day as a fixed effect, 
with cow and replicate as random factors. When the main effect of biopsy day was 
significant (P<0.05), differences among the means were determined using the p-diff 
procedure. The interaction effect between biopsy day and replicate was initially tested but 
was non-significant and subsequently removed from final analyses. All values are 
presented as means ± SE, with statistical significance set at P < 0.05. 
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Results 
Milk Production, Energy Balance, and NEFA Concentration 
 Changes in milk production, energy balance and circulating NEFA with growth 
hormone and feed restriction have been described previously (Koltes and Spurlock, 
2012). Briefly, production data collected during the feed restriction experiment showed a 
steady decrease in milk yield starting from the initiation of restricted feeding. In contrast, 
milk production of cows administered GH increased throughout the 7-day experiment. 
Energy balance of the feed restricted cows decreased upon treatment, and was negative 
throughout the four days of restriction. This was accompanied by an increase in plasma 
NEFA concentration on days 1 and 4, relative to the control. Energy balance also 
decreased with the administration of growth hormone, but average energy balance across 
all cows remained slightly positive throughout the experimental period. Increased plasma 
NEFA concentration confirmed elevated lipid mobilization in GH treated cows. 
Lipolytic Proteins 
Protein abundance of ATGL decreased following feed restriction (P=0.03, Fig. 
3.1A). The abundance of phosphorylated HSLSer565 also decreased (P<0.001, Fig. 3.1B), 
whereas HSLSer563 and total HSL protein were unchanged (P=0.57 and P=0.41 
respectively). Protein abundance of total PLIN decreased (P=0.034), but no significant 
change in PPLIN was observed (P=0.13, Fig. 3.1C) following feed restriction. 
Similarly, treatment with GH was also associated with a decline in the abundance 
of ATGL protein (P<0.001, Fig. 2A) and PHSLSer565 (P=0.02, Fig. 3.2B). The effect of 
treatment day on HSL and PHSLSer563 (P=0.263 and P=0.486 respectively) were not 
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significant (Fig. 3.2A and B). Total PLIN decreased after GH treatment (P=0.004), as did 
PPLIN (P=0.04, Fig. 3.2C). 
Discussion 
 Dairy cattle typically undergo extensive remodeling of adipose tissue throughout 
a lactation cycle.  Appropriate regulation of lipolysis and lipogenesis is essential for the 
maintenance of energy supplies for both lactation and fitness traits. Although a number of 
proteins have been recognized to participate in lipolysis (Kolditz and Langin, 2010; 
Contreras and Sordillo, 2011; Lass et. al., 2011), the regulation of these proteins in 
response to changing energy balance, particularly in the dairy cow, is poorly understood. 
We previously reported that ATGL, HSL and PLIN are dynamically regulated in 
subcutaneous adipose tissue throughout the lactation cycle of multiparous Holstein cows 
(Koltes and Spurlock, 2011). The objective of the present study was to evaluate the 
regulation of these lipolytic proteins when lipolysis is stimulated by physiological factors 
including feed restriction and administration of GH during mid-lactation. A summary of 
the response of HSL, ATGL, and PLIN to the three experimental models evaluated by 
our group (lactation cycle, feed restriction, and GH administration) is provided in Table 
2. 
The most consistent result across experimental models is the decrease in 
abundance of ATGL with increasing lipolytic activity. This result is unexpected because 
ATGL protein abundance increases with enhanced lipolytic activity during fasting in 
pigs, rodents, and humans (Deiuliis et al., 2008; Caimari et al., 2008; Kershaw et al., 
2010; Nielsen et al., 2012). However, our protein data from the transition period (Koltes 
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and Spurlock, 2011) are consistent with ATGL mRNA expression also described for 
early lactation cows (Ji et al., 2012). The reason for the discrepancy between results in 
lactating cows and published results from other species is unclear. To our knowledge, our 
research is the first to investigate the modulation of ATGL protein in lactating animals. It 
is currently unknown if the homeorhetic changes associated with lactation, especially in 
high milk producing dairy cows, influence the physiological signals regulating ATGL.  
The abundance of ATGL increased following feeding of a high fat diet in mice (Gaidhu 
et al., 2010). This regulation may have occurred to balance the excessive adiposity due to 
the high fat diet, and is consistent with the proposed role of ATGL as a regulator of basal 
lipolysis (Mairal et al., 2006; Ryden et al., 2007). As such, ATGL may be down-
regulated in our experimental models as an adaptive mechanism to prevent excessive 
hydrolysis of lipids during periods of energy insufficiency during lactation.  
Alternatively, the observed decrease in ATGL protein abundance may reflect a 
lack of correlation between protein abundance and ATGL activity. Most notably, ATGL 
is activated by CGI-58 (Yamaguchi et. al., 2004; Granneman et. al., 2007) and inhibited 
by the G(0)/G(1) switch gene 2 (Lu et al., 2010). Additionally, localization of ATGL to 
the LD is influenced by the presence of perilipins (Wang et al., 2011). Therefore, the 
decreased abundance of ATGL observed in our experimental models may not accurately 
reflect changes in ATGL activity.  The timeline of investigation may also impact 
observed changes in ATGL protein. Yang et al. (2013) proposed that ATGL may play an 
important regulatory role during long-term stimulation of lipolysis but is less involved in 
the acute lipolytic response. Our studies investigated ATGL following several days of 
altered energy balance, whereas prior studies focused largely on changes within 6-8 hour 
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period (Kim et al., 2006; Jocken et al., 2007). Differences in the response of ATGL to 
experimental treatments may reflect differences between acute and chronic regulation of 
the lipase. 
Furthermore, differences in the morphology and composition of adipose tissue 
have been reported as a result of triglyceride breakdown in response to a change in 
physiological state (Pujol et al., 2005). It may be argued that the changes observed in 
ATGL may have been affected by the probable presence of other cell types in the biopsy 
sample which may have diluted and decreased protein abundance. Martin et al. (2009) 
and Greenberg et al.  (1991) reported that HSL and PLIN are predominantly expressed in 
the adipose tissue, such that variability in the levels of these phosphoproteins may be 
indicative of any change in the state of the adipose tissue sample.  The fact that in the 
current study, no significant changes in total HSL and PHSLSeer563  were observed 
suggests that the variation in ATGL abundance reflects what is happening in adipose 
tissue during altered energy balance. Moreover, although a significant decrease in PLIN 
was observed after feed restriction and GH administration, we believe that the time lapse 
between treatment and biopsy was short enough that major changes in the composition of 
the samples were unlikely. In a related study, Koltes and Spurlock (2013) found that 
following feed restriction and GH treatment, mRNA abundance of 60S ribosomal protein 
L32 (RPL32) in cows did not change with sampling day, a possible indication that the 
proportion of protein from adipose tissue did not differ across biopsy times. 
A decline in total PLIN protein abundance was observed following feed 
restriction and GH administration, but not with stage of lactation (Koltes and Spurlock, 
2011). Perilipin regulates lipolysis via multiple mechanisms. It was first described as 
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having a ‘barrier effect’ whereby the presence of PLIN on the LD limited access of 
lipases to their lipid substrate (Garcia et al., 2004). It was subsequently discovered that 
upon phosphorylation of PLIN by PKA, a conformational change to PLIN occurs that 
allows the release of CGI-58 for activation of ATGL, and interaction of PLIN with HSL 
to facilitate lipolysis (Subramanian et al., 2004). Following this latter discovery, majority 
of the research has focused more on this important role of PLIN as facilitator of PKA-
stimulated lipolysis rather than just as a lipid-droplet barrier. Our data suggest the 
abundance of total PLIN is important in the regulation of lipolysis in response to both FR 
and GH administration during mid-lactation, and that this regulation may reflect the 
potential of PLIN to act as a barrier to lipolysis. Phosphorylation of PLIN and HSLSer563 
is accomplished by PKA, and this is a primary mechanism for lipolytic stimulation 
following catecholamine activation of beta adrenergic receptors (Anthonsen et al., 1998; 
Jocken et al., 2008).  Increased phosphorylation of PPLIN, HSLSer563, and HSL serine 
residue 660, another PKA targeted site, has been described in cattle with the onset of 
lactation (Koltes and Spurlock, 2011; Locher et al., 2011). In the current study, FR and 
GH administration in mid-lactation did not alter phosphorylation of PLIN or HSLSer563. 
Chronic administration of GH is known to stimulate lipolysis in lactating cattle in part 
through decreased responsiveness to adenosine, a critical lipolytic inhibitor (Bauman and 
Vernon, 1993). Thus, increased phosphorylation of HSL may not be necessary for GH to 
elicit its lipolytic effect. The degree of FR used in this study was chosen to mimic the 
level of energy insufficiency typical of the first week of lactation, and was expected to 
stimulate PKA-mediated lipolysis. Our results demonstrate that even though lipolysis is 
stimulated by energy insufficiency in the transition period and with FR in mid-lactation, 
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the physiological context in which energy insufficiency occurs has an impact on the 
mechanism by which lipolysis is regulated. In particular, our data indicate the classic 
mechanism of lipolytic stimulation by β-adrenergic receptor activation and PKA 
phosphorylation does not have a primary role in the regulation of lipolysis following FR 
and GH administration in mid-lactation cows.   
Regulation of lipolysis by HSL can also be achieved through phosphorylation of 
HSL by kinases other than PKA.  In 3T3-L1 as well as rat adipocytes, phosphorylation of 
HSLSer565 is mediated by AMPK (Garton et al., 1989; Chaves et al., 2011). This 
phosphorylation does not affect the activity of HSL per se, but may prevent subsequent 
phosphorylation of HSLSer563 by PKA (Anthony et al., 2009). Activation of AMPK as 
observed in mice is associated with the depletion of energy reserves (Gauthier et. al., 
2008), which is expected with feed restriction and GH treatment. However, we found that 
feed restriction and GH elicited a significant decrease in HSLSer565, which may be 
consistent with a decline in AMPK activation.  Activation of AMPK has also been 
associated with increased expression of ATGL in rat adipocytes (Gaidhu et al., 2010). 
Thus, our results showing decreased ATGL and HSLSer565 following both feed restriction 
and GH treatments are consistent with an expected decrease in activation of AMPK in 
these models.  Phosphorylation of AMPK has been studied in transition cows, where its 
activation increased with the onset of lactation (Locher et al., 2012). However, further 
research is warranted to fully understand the complex interactions among AMPK, ATGL, 
HSL and lipolysis throughout lactation.  
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Conclusions 
Adaptation to negative energy balance (NEBAL) is particularly critical because 
its severity and duration often translate to declines in reproduction and fertility (Patton et 
al., 2006; Wathes et al., 2007; Fenwick et al., 2008), as well as increased incidence of 
health problems (Leslie et al., 2003; Kadokawa and Martin, 2006). The lipolytic response 
in dairy cows is affected by many physiologic and metabolic states, and is regulated by 
multiple mechanisms. Importantly, stimulation of lipolysis by PKA phosphorylation of 
HSL and PLIN are likely critical during early lactation, but less important in response to 
other lipolytic stimuli later in lactation.  The significant down-regulation of total PLIN 
abundance in response to FR and GH administration suggest the barrier effect of PLIN 
may have a significant effect on lipolysis under certain physiological conditions. Finally, 
the unexpected decrease in ATGL abundance across all models of energy insufficiency 
may suggest a unique mechanism for regulation of lipolysis in lactating dairy cows. Our 
findings demonstrate that lipolysis is regulated by multiple mechanisms, and this must be 
taken into account when evaluating strategies to manipulate energy utilization and 
partitioning in lactating cows. 
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Table 3.1.  Antibodies used for semi-quantitative Western blotting.  Antibody, protein 
quantity (µg), antibody dilutions, time of exposure to primary antibody, time of exposure 
for imaging are provided. 
 
Antibody 
Protein 
Concentr
ation (µg) 
Antibody 
Concentra
tion2 
Species 
Reacivity 
Exposure 
to Primary  
Antibody 
Exposure 
Length 
Antibody 
Company 
(Catalog 
#) 
Phospho-
perilipin1 
10 1:1000 Cow 1 O/N 2 min Chemicon 
(AB10200) 
HSL 100 1:500 Mouse 2 O/N 10 min Cell 
Signaling 
(4107) 
PhosphoHSL 
at Serine 563 
400 1:500 Mouse 2 O/N 10 min Cell 
Signaling 
(4139) 
PhosphoHSL 
at Serine 565 
400 1:500 Mouse 2 O/N 10 min Cell 
Signaling 
(4137) 
ATGL 400 1:500 Mouse 4 O/N 10 min Cell 
Signaling 
(2138) 
 1 Phosphorylated perilipin was detected using the same antibody as was used for 
perilipin, but a second band was detected by size separation of phosphorylated to non-
phosphorylated perilipin proteins on a 10% gel and 100:1 acrylamide to bisacrylamide.  
2 X:Y, X µl antibody for every Y µL of 5% dry milk in tris buffered saline-Tween20.   
Abbreviations: HSL, Hormone Sensitive Lipase; ATGL, Adipose Triglyceride Lipase; 
O/N, overnight(s); min, minutes;  
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Table 3.2. Changes in abundance or phosphorylation of lipolytic proteins in different 
models of altered energy balance in dairy cows. 
 
 Response1  
Transition2 Feed Restriction Growth Hormone 
ATGL ↓ ↓ ↓ 
HSL NS NS NS 
PHSLSer563 ↑ NS NS 
PHSLSer565 NS ↓ ↓ 
PLIN NS ↓ ↓ 
PPLIN ↑ NS ↓ 
1 NS – no significant differences among treatments (P ≥ 0.05); ↓ or ↑ indicates a 
decrease/increase in abundance of protein 
2 data obtained from Koltes and Spurlock, 2011. 
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Figure 3.1. Abundance of lipid droplet associated proteins in subcutaneous adipose tissue 
(AT) in response to feed restriction. AT samples were obtained 6 d (solid white) prior to, 
and 1 (gray) and 4 d (solid black) after restricted feeding. Protein abundance of (A) 
adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL); (B) 
phosphorylated HSL at Serine-563 and 565 (PHSL563 and PHSL565, respectively); and 
(C) perilipin (PLIN) and phosphorylated perilipin (PPLIN) was determined by semi-
quantitative Western blotting and expressed in relative units per quantity of total protein 
(10-400 µg) after normalization across gels to a common standard (STD). Each inset 
shows a representative Western blot. For perilipin (C), the upper band was quantified as 
PPLIN, and the lower band as PLIN. Different letters indicate differences among means, 
P<0.05. 
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Figure 3.2. Abundance of lipid droplet associated proteins in subcutaneous adipose tissue 
in response to growth hormone administration determined via semi-quantitative Western 
blotting. Adipose tissue samples were obtained 4 d (solid white) pre- and 3 (gray) and 7 d 
(solid black) post-treatment. Protein abundance of (A) adipose triglyceride lipase 
(ATGL) and hormone sensitive lipase (HSL); (B) phosphorylated HSL at Serine-563 and 
565 (PHSL563 and PHSL565, respectively); and (C) perilipin (PLIN) and phosphorylated 
perilipin (PPLIN) is expressed in relative units per quantity of total protein (10-400 µg) 
after normalization across gels to a common standard (STD). Each inset shows a 
representative Western blot. For perilipin (C), the upper and lower bands represent 
PPLIN and PLIN, respectively. Different letters indicate differences among means, 
P<0.05 
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CHAPTER 4: 
EFFECTS OF HEAT STRESS ON LIPID METABOLISM OF BOVINE  
PRIMARY ADIPOCYTES  
 
 
Abstract 
 
Heat stress (HS) impacts numerous physiological processes, and recent research 
indicates lipid metabolism is altered in lactating cows experiencing HS.  The objective of 
this study was to evaluate how HS affects lipid metabolism in subcutaneous adipose 
tissue (AT) of dairy cattle, particularly in terms of responsiveness and sensitivity to 
lipolytic and lipogenic stimuli. AT biopsies were performed on randomly selected 
multiparous, late lactation Holstein cows from which bovine primary adipocytes were 
isolated, and cultured at either 42°C (HS) or 37°C (thermal neutral, TN). For the first part 
of the lipolysis experiment (n=5), isoproterenol (ISO) was administered at varying 
concentrations and glycerol release was measured as an indicator of lipolytic response. A 
dose response curve to ISO was determined under HS and TN conditions from adipocytes 
isolated from each cow. In another experiment (n=5), cells were incubated with varying 
concentrations of insulin (0 – 2.5 mU) in combination with isoproterenol (ISOP, 4.5 x 10-
7 M), after which glycerol release was measured to indicate lipolytic activity. Meanwhile, 
the incorporation of radioactive acetate into lipids relative to different concentrations of 
insulin (0. 0.5 and 1 mU) was measured to assess lipogenic activity in 8 randomly chosen 
Holstein cows. For these experiments, the effects of temperature, ISO and/or insulin 
concentration, as well as their interaction on AT lipolysis and lipid synthesis were 
evaluated. Likewise, the abundance and phosphorylation of several lipolytic and 
lipogenic proteins in relation to HS was analyzed. Lipolysis assay results show that 
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adipocytes exposed to HS had an elevated maximal response to ISO (P=0.024), and were 
more sensitive to lipolytic stimulation by ISO (P=0.04) compared to cells cultured at TN. 
At a high ISO concentration, a decrease in lipolytic response was observed for HS but not 
TN cells, suggesting potential down-regulation of the lipolytic response in HS but not TN 
cells. Furthermore, no significant temperature by insulin concentration interaction was 
observed between TN and HS cells, although the latter was found to significantly reduce 
the amount of glycerol released (P<0.001), indicating greater inhibition by insulin to 
lipolytic stimulation. Meanwhile, in the absence of insulin, adipocytes cultured under HS 
exhibited an elevated response to ISOP (P<0.001) relative to their TN counterparts. Basal 
lipolytic (-ISOP/-insulin) response was not different between HS and TN cells (P>0.05). 
A significant decrease in the phosphorylation of hormone sensitive lipase (HSL) at Serine 
563 (PHSLSer563, P=0.03) and perilipin (PLIN, P=0.04) with respect to increasing insulin 
concentrations was observed for cells cultured under HS but not TN conditions. 
Meanwhile, lipogenesis data indicate that temperature by insulin interaction was not 
significant (P=0.25), but insulin increased the amount of acetate incorporated into lipids 
in TN cells (P<0.001). As for the effect of HS on the phosphorylation of acetyl CoA 
carboxylase (ACC), a significant temperature by insulin interaction was observed 
(P=0.01), wherein P-ACC abundance decreased significantly for TN (P=0.02) but not HS 
cells, suggesting that less fatty acids are being transported to the mitochondria for fatty 
acid breakdown. Results of the study suggest that HS affects lipid metabolism by altering 
the response to insulin of bovine primary adipocytes, which may contribute to the lack of 
adipose tissue mobilization observed in vivo. 
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Introduction 
Climate change is fast becoming a major threat to the viability and sustainability of 
livestock production systems in many regions of the world. A direct effect of climate 
change, heat stress, is an important challenge facing the dairy industry. Heat stress (HS) 
is a physiological condition when the core body temperature of an animal exceeds its 
range for normal activity, resulting from a total heat load that is more than its capacity for 
heat dissipation, thus prompting physiological and behavioral responses to reduce the 
strain (Bernabucci et al., 2010).  
The increasing concern with the thermal comfort of dairy animals is justifiable not 
only for countries occupying tropical zones, but also for nations in temperate regions in 
which high ambient temperatures are an issue (Nardone et al., 2010). It was reported that 
in the U.S. alone, HS continues to cost the dairy industry an estimated $1 billion annually 
(St-Pierre et al., 2003). Although improvements in management strategies have been put 
in place, these only partly alleviate the impact of thermal stress on dairy cow 
performance during the hotter seasons. Moreover, genetic improvement programs that 
enhance production traits may increase an animal’s susceptibility to high environmental 
temperatures due to a correlation between production and metabolic activity (West, 1994; 
Settar et al., 1999). 
In the past decade, alterations in the endocrine and metabolic status under hot 
environments have been reported in dairy cattle (Ronchi et al., 2001; Bernabucci et al., 
2002, 2006; Rhoads et al., 2009). Ronchi and colleagues (1999) demonstrated that HS 
has a direct effect on energy, lipid metabolism and liver enzymatic activities of Holstein 
heifers. In addition, changes in the oxidative status and circulating adipocytokine levels 
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were observed in periparturient cows exposed to hot environments (Bernabucci et al., 
2006). Furthermore, reductions in energy intake combined with increased energy 
expenditure for maintenance lower energy balance and only partially explain why 
lactating cattle lose substantial amounts of body weight during severe HS (Rhoads et al., 
2009). This was shown in a series of pair-feeding experiments wherein plasma NEFA 
concentration in lactating dairy cows exposed to HS remained constant, suggesting that 
these animals did not mobilize as much adipose tissue as their pair-fed, thermal neutral 
(PFTN) counterparts despite decreased DMI and loss of body weight. Also, plasma 
insulin concentrations were measured to further determine if the blunted NEFA response 
observed in HS cows may have resulted from the presence of overriding antilipolytic 
factors such as insulin. Basal insulin concentrations did not differ in PFTN cows, but 
gradually increased by 37% in lactating cows exposed to HS. Additionally, it has been 
demonstrated that heat-stressed cows have an increased insulin response to a glucose 
tolerance test (Wheelock et al., 2010; O’Brien et al., 2010), which may be essential in 
their adaptation mechanism to HS. 
In recent years, adipose tissue has received much attention due to the discovery of 
its role as a complex and highly active metabolic and endocrine organ (Kershaw and 
Flier, 2004). Moreover, new discoveries have significantly changed the traditional view 
of adipose tissue as a passive energy depot and highlighted its importance in the 
regulation of lipid metabolism. Adipose tissue plays a crucial role by storing or liberating 
triacylglyceride reserves via lipolysis to provide fatty acids that are important oxidative 
fuels for other tissues during times of energy deprivation. A dysregulation of lipid 
metabolism may lead to several abnormalities and so appropriate regulation is critical for 
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the maintenance of body energy homeostasis as well as for the prevention of metabolic 
diseases (Jaworski et al., 2013).  
An accurate understanding of the biological mechanism(s) by which thermal stress 
reduces milk synthesis is critical for developing novel approaches (i.e. genetic, 
managerial and/or nutritional) to optimize dairy cow performance, particularly during the 
summer months. Furthermore, identifying additional mechanisms that govern the 
regulation of adipose tissue metabolism would be helpful in elucidating the processes 
affected under other physiological states, including lactation and disease. Therefore, the 
objective of this study was to evaluate the direct impact of HS on lipid metabolism in the 
lactating dairy cow, particularly on the molecular regulators of lipolysis and lipogenesis 
in cultured bovine adipocytes. In our initial study, we looked at the sensitivity to 
epinephrine stimulation as well as responsiveness to insulin of bovine primary adipocytes 
to assess if HS 1) alters their lipolytic response to beta-adrenergic receptor (BAR) 
agonists, and 2) enhances inhibition of lipolysis by insulin. For the second part of our 
study, we looked at changes in the rate of incorporation of radioactive acetate in bovine 
cells to determine if HS enhances insulin-stimulated lipogenesis. 
Materials and Methods 
Animals and adipose tissue biopsy 
The maintenance of the animals and the experimental procedures performed on 
them were carried out in accordance with the Iowa State University Animal Care and Use 
Committee guidelines and regulations.  
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Experiments were conducted during the spring months (late February until April) of 
years 2012-2014 when cows were not exposed to environmental heat stress. Second to 3rd 
lactation Holstein cows (230 to 400 d postpartum) with a body condition score (BCS) > 
3.75 were randomly selected for the lipolysis and lipogenesis studies. Subcutaneous 
adipose tissue biopsies were taken from between the pin and tail bone (ischial tuber and 
coccyx, respectively) of each cow using a minimally invasive procedure under local 
anesthesia. Adipose tissue was placed in buffered saline solution with glucose, kept at 
37°C and transported to the laboratory for immediate analysis.  
Isolation of adipocytes 
The protocol for harvesting primary adipocytes was adapted from Liu et al. (1999) 
with some modifications. Samples were subjected to 2 rounds of 40-minute collagenase 
digestion at 37°C in a water bath with shaking (100 cycles/min). Adipocytes were 
isolated using nylon filter mesh and washed with warmed cocktail buffer (Krebs-Ringer 
solution [20 mM sodium bicarbonate, 20 mM HEPES, 20 mM D-glucose], 1 M sodium 
bicarbonate, 1 M HEPES, 1 M glucose, 6% bovine serum alumin (BSA), 1mg/mL 
collagenase type 1a from Clostridium histolyticum (Sigma Aldrich)). After removal of the 
infranatant, adipocytes were suspended in warmed explant media (1000 mg/L low 
glucose Dulbecco’s Modified Eagle Medium (DMEM), 4.4 mM sodium bicarbonate, 5 
mM HEPES, 3% BSA), and approximately 900 µL of this cell suspension was aliquotted 
into 20 mL scintillation vials.  
Experimental treatments 
Validation studies. Primary adipocytes from lactating cows (N=4) were used to 
evaluate cell viability using the PrestoBlue® Cell Viability Reagent from Life 
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TechnologiesTM according to the manufacturer’s protocol. The abundance of the heat 
shock protein HSP27 (Cell Signaling) was evaluated via semi-quantitative western 
blotting to confirm an effect of thermal treatment. 
Lipolysis experiments. The cell suspensions were exposed initially and at 2-hr 
intervals to a mixture of 95% air and 5% CO2 and incubated in a gyratory incubator at 
37°C. Following a 1 hr acclimation period, cells were incubated under 2 experimental 
conditions for 1 hr: 42°C (heat stress, HS) and 37°C (thermal neutral, TN). Core body 
temperature of lactating dairy cows is approximately 38°C. A slightly lower temperature 
was used to represent thermal neutral conditions because adipocytes were isolated from 
the subcutaneous adipose depot, which is expected to be maintained at a temperature 
slightly less than the core body temperature. Culturing cells at 42°C was done to 
represent a severe heat stress event in lactating cattle.  Subsequently, adipocytes were 
administered isoproterenol (ISO; 1.0 x 10-5.5 M to 1.0 x 10-9 M) for determination of a 
lipolytic dose-response curve and incubated for 90 min under HS or TN conditions.  Each 
ISO dose was evaluated in 3 vials of cells for each thermal treatment, and this 
experimental protocol was replicated using adipocytes from 5 different cows. The 
incubation medium was aspirated after a 90-min incubation with ISO and stored at -20°C 
until analysis. Approximately 400 µL of protein homogenization buffer (10% SDS, 1 M 
sodium fluoride, 0.5 M EDTA, 1 M HEPES, 1 µL/mL protease inhibitor (Sigma), 1 
µL/mL phosphatase inhibitor (Sigma)) was added to the remaining cells and kept at -
80°C for subsequent protein extraction. 
To further evaluate the effects of HS on lipolytic activity in bovine adipose tissue, 
the response of isolated primary adipocytes to lipolytic stimuli relative to varying 
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concentrations of insulin was tested. As with the previous experiment, cells were exposed 
to the 2 temperature treatments (37°C and 42°C for TN and HS condition, respectively) 
following an hour-long acclimation period at 37°C. Insulin (0 to 2.5 mU) was 
administered 30 min after exposure to the thermal treatments. After 30-min incubation 
with insulin, ISO (4.5 x 10-7 M) was added into the cell suspension, and the adipocytes 
were incubated for 90 min before cell harvest. At this concentration, the half maximal 
effect of ISO was observed previously and was therefore used in this study. The 
incubation medium was carefully pipetted out and kept at -20°C until further analysis. 
Protein homogenization buffer was added to the remaining cells and kept at -80°C until 
protein extraction. Each insulin-temperature treatment combination was evaluated in 
triplicates, and this experiment was repeated independently across 5 different cows. 
Lipogenesis experiment. The adipocyte cell suspensions were exposed to a mixture 
of 95% air and 5% CO2 prior to incubation, and every 2 hours thereafter throughout the 
experimental period. The amount of acetate incorporation was measured to assess 
lipogenic activity of bovine adipocytes in response to insulin. Cells were acclimatized at 
37°C for 1 hr, after which they were exposed to the thermal treatments (37°C for TN and 
42°C for HS) and allowed to acclimate for another hr. A final concentration of 1 µCi of 
[1-14C]-acetate was added together with varying concentrations of insulin (0, 0.5 and 1 
mU) to the cells. After a 3-hr incubation period, reactions were terminated by the addition 
of 100 µL of 17% perchloric acid to each vial. Each insulin dose per temperature 
treatment was evaluated in 3 vials of cells extracted from 8 cows. 
The method for the extraction of total lipids from cells was adapted from Folch 
(1957) with some modifications. Briefly, acidified media was carefully aspirated from the 
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bottom of the vial, followed by the addition of Folch’s reagent (chloroform/methanol, 
2:1, v/v). The cell-reagent mixture was agitated by placing the vials on top of a platform 
mixer for 15 minutes, after which the crude extract was washed twice with 1 N NaCl. The 
solution was centrifuged at 2000 rpm for 20 min, and the lower, lipid-containing 
chloroform phase was transferred to a new glass scintillation vial and allowed to 
evaporate to dryness overnight. Subsequently, 5 mL of scintillation cocktail (Sigma) was 
added to resuspend the lipids prior to quantification using a liquid scintillation counter. 
Glycerol assay 
Glycerol content in the incubation medium served as an indicator of lipolysis and 
was determined by use of a colorimetric assay with free glycerol reagent following 
manufacturer’s protocol (Sigma Aldrich, St. Louis, MO). Samples were run in triplicates 
in a 96-well format, and absorbance values were obtained using a Tecan Spectrafluor 
Plus (Tecan Group Ltd.). Glycerol concentrations were normalized to total protein 
extracted from cells cultured in each vial.  The average of triplicate glycerol 
concentration values representing each of 3 replicate vials of cells per treatment 
combination was used in statistical analyses.   
Protein extraction and semi-quantitative Western blotting 
The protocol for the extraction and preparation of proteins from adipose tissues for 
use in Western blotting has been previously described (Elkins and Spurlock, 2009).  
Bicinchoninic assay (BCA; Pierce Protein Research, Rockford, IL) was performed to 
determine protein concentrations, which were used to standardize the quantity of total 
protein loaded onto each gel. Semi-quantitative Western blotting was performed to 
determine protein abundance. Following transfer, membranes were blocked with 5% milk 
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in TBS-T for at least 1 hr. Blots were incubated with specific primary antibodies at 4°C 
followed by incubation with anti-rabbit IgG horseradish peroxidase-linked secondary 
antibody from GE Healthcare (Pittsburgh, PA). Proteins were detected with the ECL Plus 
Western Detection Kit (Amersham, Pittsburgh, PA) using an Alpha Innotech Imager 
(FluorChem FC2, Cell Biosciences, Santa Clara, CA) and quantified using Totallab 
software for 1D gel analysis (TL100, v2009; Totallab Ltd., Newcastle, Tyne, UK). All 
proteins were evaluated on duplicate gels, and average values across the gels were used 
in statistical analyses. A single arbitrarily chosen sample was included on each gel for 
normalization across gels. 
Calculations and statistical analysis 
The lipolytic response to isoproterenol of isolated bovine adipocytes was evaluated 
by comparing the dose response curve of adipocytes under HS versus TN conditions. A 
glycerol dose response curve was generated for cells representing each cow using the 
GraphPad Prism 5.00 software (GraphPad Prism for Windows, 2007). A Student’s t-test 
was used to evaluate the effect of thermal treatment on several parameters including half 
maximal effective concentration (EC50), slope, maximal response (Rmax) and baseline 
response. Proc Mixed of SAS (1999) was used to evaluate the main effects and 
interaction between thermal treatment and insulin concentration. Accordingly, a separate 
analysis was done per thermal treatment to test for the main effects of insulin on the 
response of adipocytes to ISO stimulation.  
For the first part of the lipolysis experiment, differences in abundance of lipolytic 
proteins according to thermal treatment and ISO concentrations were evaluated using 
Proc Mixed. The model statement included thermal treatment and isoproterenol 
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concentration as fixed effects, and cow as a random variable. The interaction of thermal 
treatment with ISO concentration was evaluated initially. This effect was non-significant 
(P>0.05) for all proteins and was excluded from final analyses.  When the overall effect 
of thermal treatment or ISO concentration was significant (P<0.05), mean differences 
were evaluated using the p-diff procedure of SAS. Phosphorylated perilipin was often 
undetectable at lower concentrations of isoproterenol. Therefore, phosphorylated perilipin 
was compared across isoproterenol concentrations using a Chi-square test to determine if 
its presence or absence differed between thermal treatments.  
For the lipogenesis study, Proc Mixed was used to test for the main effects and 
interaction between thermal treatment and insulin concentration. After which, analyses 
was done separately according to thermal treatment to evaluate the main effects of insulin 
on the response of cells. All values are presented as means ± SE, with the statistical 
significance set at P<0.05. 
Results 
Analysis of HSP27 abundance and cell viability  
The abundance of HSP27 was determined via semi-quantitative western blotting 
to confirm that a physiological response was invoked at a temperature of 42°C. Protein 
abundance of HSP27 increased with time of incubation for all cells, and this increase was 
significantly greater in cells cultured under HS compared to TN conditions after culturing 
for 60 and 120 min.  The increase in HSP27 protein abundance with time likely reflects a 
stress response to the culture conditions, but the significant increase in HSP27 protein 
observed in HS relative to TN conditions confirms that additional stress was experienced 
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by cells cultured at higher temperature. In addition, to assess whether heat stress 
influenced glycerol release and protein abundance through a decrease in cell viability, we 
performed a resazurin-based assay that monitored the number of live cells in suspension. 
Neither thermal treatment nor culture time had a significant effect on cell viability 
(P>0.05) (Fig. 4.1A and B). 
Effects of heat stress on isoproterenol response 
The effect of HS on the lipolytic response of bovine adipocytes to ISO was 
evaluated by determining the glycerol dose response curve for each cow (Fig.4.2). 
Adipocytes cultured under HS had an elevated response to ISO, as indicated by increased 
Rmax values in HS versus TN cells (40.35 mM glycerol/mg protein versus 19.52 mM 
glycerol/mg protein, P=0.02). Additionally, HS cells were more sensitive to lipolytic 
stimulation by isoproterenol, depicted by lower EC50 values relative to cells cultured at 
TN conditions (1.19 x 10-7 M versus 4.51 x 10-7 M, P=0.04). However, neither basal 
lipolysis (glycerol release with no added isoproterenol) nor the slope of the dose response 
curve differed between cells exposed to HS or TN environments (P>0.05). A dramatic 
decrease in glycerol release was observed for HS cells at an isoproterenol concentration 
of 1 x 10-5.5 M relative to lower isoproterenol concentrations. However, this was not seen 
among cells incubated at TN temperature (Fig. 4.2). This decline in glycerol 
concentration with HS treatment was consistent across cells from all 5 cows investigated. 
Heat stress effects on stimulated lipolysis relative to insulin 
 Consistent with the previous experiment, the overall lipolytic response to ISO was 
higher among HS-treated cells (Fig. 4.3). In the absence of insulin, adipocytes cultured 
under HS conditions exhibited an elevated response to ISO (4.5 x 10-7 M; ISO-EC50) 
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relative to their TN counterparts (24.8 mM glycerol/mg protein versus 12.59 mM 
glycerol/mg protein, P<0.001). Likewise, HS cells had a greater response when exposed 
to a higher concentration of ISO (1 x 10-6 M) without insulin (43.6 mM glycerol/mg 
protein versus 22.2 mM glycerol/mg protein, P<0.001). The statistical evaluations did not 
demonstrate significant interaction between insulin concentration and temperature 
relative to ISO-EC50 and to a higher concentration of ISO (P=0.83 and P=0.12, 
respectively). When analyzed separately by thermal treatment, a significant inhibitory 
effect of insulin in the presence of ISO-EC50 was observed in both TN (P=0.04) and HS 
(P=0.02) cells.  However, when cells were treated with a higher ISO concentration, the 
inhibitory effect of insulin was significant only for HS (P<0.001) but not TN (P=0.34) 
cells. The basal (-ISO/-insulin) lipolytic response was not different between HS and TN 
cells (P>0.05) regardless of ISO concentration.  
Changes in lipolytic proteins in response to heat stress 
Between HS and TN cells, phosphorylation of hormone sensitive lipase (HSL) at 
serine 563 (PHSLSer563) differed significantly (P<0.001) at an ISO concentration of 1 x 
10-6 M (Fig. 4.4) where maximal glycerol release was observed. Differences in total HSL 
levels in response to thermal stress and across different isoproterenol concentrations were 
not significant (P>0.05). Thermal stress did not elicit a difference in total perilipin 
protein abundance (Fig. 4.5B). Phosphorylation of perilipin was not always detected, 
particularly at lower concentrations of ISO. However, chi squared test results showed that 
phosphorylated perilipin was detected more often (P=0.02) with higher concentrations of 
ISO as compared to control (no ISO) in both HS and TN cells. Comparison of 
phosphorylated perilipin at these higher ISO concentrations indicated a significant effect 
	   53	  
of thermal treatment (P=0.03), with greater abundance of PPLIN in HS compared to TN 
cells (Fig. 4.5C). Heat stress did not affect adipose triglyceride lipase (ATGL) abundance 
in isolated bovine adipocytes (Fig. 4.5A). Likewise, ATGL abundance did not change 
significantly across different ISO concentrations.  
Meanwhile, in the presence of high ISO (1 x 10-6 M), a significant decrease in the 
phosphorylation of hormone sensitive lipase (HSL) at Serine 563 (PHSLSer563, P=0.03; 
Fig. 4.6A) and total perilipin (PLIN, P=0.04; Fig. 4.6B) with respect to increasing insulin 
concentrations was observed for cells cultured under HS but not TN conditions. No 
significant differences in terms of abundance were observed for HSL, ATGL and 
phosphorylated PLIN (P>0.05). 
Effects of heat stress on lipogenesis  
 The effect of HS on lipogenic activity was evaluated by determining the amount 
of acetate incorporated into lipids of bovine primary adipocytes. The temperature by 
insulin interaction did not reach statistical significance (P=0.25; Fig. 4.7A). However, the 
amount of acetate incorporation increased significantly in TN cells (P<0.001) but only 
approached significance in the presence of HS (P=0.053). 
A significant temperature by insulin interaction was observed for the abundance 
of phosphorylated ACC (P-ACC, P=0.01) (Fig. 4.7B). A significant decrease in P-ACC 
abundance was observed for TN (P=0.02) but not HS cells ((P>0.05), suggesting that less 
fatty acids are being transported to the mitochondria for fatty acid oxidation. 
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Discussion 
An in-depth analysis of the economic effects of heat stress (St. Pierre et al., 2003) 
indicated that in the U.S. alone, billions of dollars of lost productivity and impaired 
animal health in the dairy industry are attributed to heat stress. A prerequisite to 
developing mitigation strategies to minimize heat stress-associated metabolic 
abnormalities is a better understanding of how environmentally induced hyperthermia 
affects post-absorptive metabolism and energy partitioning. Heat stressed mammals 
undergo changes in thermoregulatory mechanisms designed to promote body heat loss, 
which ultimately impact metabolic and hormonal responses as well as alter substrate 
utilization. In vivo data indicate that lactating cattle experiencing HS have a diminished 
lipolytic response to changes in energy status (Rhoads et al., 2009; Schwartz et al., 2009) 
and have reduced responsiveness to norepinephrine (Baumgard and Rhoads, 2013). Thus, 
we hypothesized that HS directly impacts adipose tissue by altering its response to 
lipolytic and lipogenic signals.  
For the present study, we used isolated primary adipocytes from lactating dairy 
cattle to evaluate the direct effects of heat stress on lipolysis stimulated by isoproterenol. 
Our findings indicate that exposure of isolated adipocytes to heat stress significantly 
increased their maximal response and sensitivity to isoproterenol. This result was 
unexpected, as previous studies in vivo have reported that heat-stressed dairy cattle are 
refractory to lipolytic signals (Rhoads et al., 2009; Schwartz et al., 2009; Baumgard and 
Rhoads, 2013). It should be mentioned that on days when the biopsies were performed, 
the environmental temperature ranged from 34 to 48°F (1-9°C), and that cows involved 
in this study were not environmentally heat-stressed. Furthermore, our validation 
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experiments confirm that cell viability was not impacted by HS, suggesting that the 
temperature-related differences observed in the lipolytic response to isoproterenol were 
the result of a direct effect of heat stress on the metabolic activity of adipocytes.  
It is important to note that the maximal lipolytic response diminished at the highest 
dose of isoproterenol evaluated in cells cultured under HS, but not TN conditions. 
Isoproterenol initiates a lipolytic response by activation of beta-adrenergic receptors 
(BAR) (Morimoto et al., 2001). BAR undergo decreased sensitivity to agonists following 
prolonged exposure (Benovic et al., 1988) and this down-regulation of BAR is 
particularly apparent in adipose tissue (Spurlock et al., 1994). Previous studies have 
reported that acute heat stress causes a marked increase in circulating cortisol, 
norepinephrine and epinephrine levels (Bernabucci et al., 2010; Collier et al., 2005; 
Farooq et al., 2010), catabolic signals that normally stimulate lipolysis via BAR 
activation. However, increased circulating concentrations of non-esterified fatty acids 
were not observed. One potential explanation is that adipocytes initially experience 
increased sensitivity to BAR agonists during heat stress, and this increased sensitivity 
contributes to desensitization of the receptor. Continued exposure to heat stress may lead 
to the down-regulation of BAR, such that a diminished response to BAR agonists is 
observed in vivo. Alternatively, the decline in lipolytic response with high concentration 
of isoproterenol may be associated with the activation of adenosine receptors. There is 
substantial evidence of adenosine accumulation in response to metabolic stress (Linden, 
2001; Fredholm et al., 2001), and activation of adenosine A1 receptor (A1R) has been 
linked to Gi-mediated inhibition of adenylyl cyclase (Hasko et al., 2008). In fact, basal 
levels of endogenous adenosine were found to be sufficient in inhibiting lipolysis in 
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subcutaneous adipose tissue in humans (Lonnroth et al., 1989). Johansson and colleagues 
(2007; 2008) recently showed that there is substantial A1R reserve in mouse adipose 
tissue, and that adenosine and insulin mediate additive, but not synergistic antilipolytic 
effects. It is possible that increased levels of epinephrine and insulin in vivo during HS 
may have contributed to the decline in lipolytic response observed in bovine adipocytes 
by activating A1R and negating BAR response. 
To further investigate the mechanisms by which heat stress impacts the response of 
adipocytes to lipolytic signals, the abundance and phosphorylation of several proteins 
involved in the regulation of lipolysis were evaluated.  The role of HSL in the lipolytic 
pathway is well documented, and its activity is regulated by phosphorylation and 
translocation to the lipid droplet (Koltes and Sprlock, 2011; van der Drift et al., 2012; Yin 
et al., 2003). In particular, HSL is activated when phosphorylated at serine residue 563 by 
protein kinase A (PKA) (Ronchi et al., 1999; Roepstorff et al., 2004) although a number 
of other phosphorylation sites may also be involved (Anthonsen et al., 1998; Holm et al., 
2000). Together with ATGL, HSL is responsible for about 95% of the triglyceride 
hydrolase activity in murine white adipose tissue (Schweiger et al., 2006). Our results 
demonstrating increased phosphorylation of HSLSer563 in cells cultured under HS 
conditions are consistent with increased sensitivity of BAR and activation of the PKA 
pathway with heat stress.  The protein abundance of total HSL and ATGL did not differ 
with thermal stress, providing further evidence that the observed lipolytic changes were 
due to post-translational signals.  These results are consistent with those described for rat 
adipocytes in response to endoplasmic reticulum (ER) stress, in that ER stress contributed 
to increased PKA activation resulting in increased phosphorylation of HSL at Ser 563 and 
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moderately elevated translocation of HSL from the cytosol to lipid droplets, without 
significant changes in HSL and ATGL protein abundance (Deng et al., 2012). 
Furthermore, we report that a moderate increase in PPLIN with high concentrations 
of ISOP was observed with HS, relative to TN conditions. Phosphorylation of perilipin 
was numerically greater in heat stressed cells, but pairwise comparisons between HS and 
TN cells did not reach statistical significance. This response was unexpected, because 
perilipin is one of the most abundant PKA phosphoproteins in adipocytes (Egan et al., 
1990; Greenberg et al., 1991) and its function on lipolytic regulation has been firmly 
established. However, Jiang et al. (2007) previously showed that departure or 
phosphorylation of perilipins on intracellular lipid droplets is associated with heat shock 
protein HSP70. Furthermore, they reported that heat stress facilitated the departure of 
perilipins, though low in level, from the lipid droplet surface and slightly increased the 
translocation of HSL from the cytosol to the lipid droplets in rat adipocytes. To our 
knowledge, the role of PKA mediated phosphorylation of perilipin in relation to the 
association of perilipin with HSP70 is unknown. Thus, associations between heat shock 
proteins and perilipin may impact the phosphorylation of perilipin by PKA during times 
of heat stress.  However, further experiments are warranted. 
Our results also showed that insulin inhibition of lipolysis in the presence of ISO at 
EC50 concentration was similar for TN and HS cells, suggesting that the inhibitory effect 
of insulin remains intact during heat stress. When combined with increased levels of 
circulating insulin in vivo, this hypersensitivity of dairy cows to insulin during heat stress 
may be a coping mechanism by which these animals counteract high lipolytic stimulation 
and/or decrease metabolic heat production (Baumgard and Rhoads, 2013). Additionally, 
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since heightened catabolic stimulation during heat stress has been reported previously 
(Bernabucci et al., 2010; Collier et al., 2005; Farooq et al., 2010), we further investigated 
the inhibitory effects of insulin on the lipolytic response of adipocytes to a higher 
concentration of ISO. Our data showed that HS cells appear to be more responsive to 
lipolytic inhibition by insulin. In relation to this, results of our Western blot analysis 
demonstrated that insulin caused a significant decrease in PHSLSer563 and total PLIN in 
HS but not TN cells, suggesting that adipocytes may be more sensitive to the antilipolytic 
effects of insulin under conditions of HS and BAR activation. Our data is consistent with 
those of other investigators who have reported increased insulin sensitivity in cows, mice 
and rats during heat stress (Rhoads et al., 2013; Morera et al., 2012; Gupte et al., 2009). 
This increased sensitivity to insulin, combined with the high levels of circulating insulin 
observed in vivo, likely explains the lack of NEFA response during HS. 
Further research is warranted to fully explain the inconsistencies between our 
results and existing in vivo data with respect to lipolytic response. The dichotomy 
between models clearly demonstrates that heat stress indirectly prevents in vivo adipose 
tissue mobilization, potentially as a result of heat-induced increase in insulin sensitivity, 
and/or an increase in circulating insulin levels. Insulin is a well-characterized anti-
lipolytic agent (Morimoto et al., 1998) and therapeutic heat treatment increases glucose 
uptake and intracellular insulin signaling (Gupte et al., 2011). It has been demonstrated 
previously that heat stress increases basal and glucose stimulated insulin secretion in 
multiple models (Baumgard and Rhoads, 2013). The rationale for why and the 
mechanism by which heat stress (a hypercatabolic state) increases insulin (a potent 
anabolic hormone) is unknown, although it is likely that this contributes to differences 
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observed in production parameters between heat-stressed and pair-fed thermal neutral 
animals (Baumgard and Rhoads, 2013). 
The effect of HS on lipogenesis in bovine adipocytes was also investigated in this 
study. Based on the results of our lipolytic study with insulin, we initially hypothesized 
that cells cultured under HS conditions would have higher lipogenic activity, as indicated 
by the amount of incorporated acetate into lipids of cells. However, our findings show 
that the amount of acetate incorporation increased significantly with insulin treatment in 
TN but not HS cells. It is important to note that during HS, dry matter intake (DMI) of 
cows is dramatically decreased; in essence, it would make sense to assume that the 
contribution of the available acetate to fatty acid synthesis would also be reduced. 
Moreover, Western blot analysis of the abundance of ACC revealed that phosphorylation 
was significantly decreased in TN cells. ACC catalyzes the first step in fatty acid 
synthesis, and phosphorylation events render the enzyme to be less active. Inactivity of 
ACC in turn affects the inhibitory action of another enzyme, malonyl CoA, on carnitine 
palmitoyltransferase 1 (CPT-1) which controls the transfer of fatty acyl moieties from the 
cytosol to the mitochondria for beta-oxidation. The decrease in the abundance of 
phosphorylated ACC observed in TN but not HS cells suggests that less fatty acids are 
being transported to the mitochondria for fatty acid breakdown. Moreover, the significant 
treatment interaction for phosphorylated ACC could indicate that HS cells are less 
responsive to insulin’s lipogenic signals, as compared to adipocytes cultured in TN 
conditions.  
In conclusion, hyperthermia has the potential to influence adipose metabolism due 
to environmental challenges or disease state. Results of our study suggest that acute heat 
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stress directly increases the response of primary bovine adipocytes to lipolytic signals, 
and that this response is mediated in part through increased PKA phosphorylation of HSL 
and PLIN. However, increased sensitivity to BAR agonists may also contribute to 
increased down-regulation of BAR during heat stress, potentially contributing to the 
diminished lipolytic response that has been described during heat stress in vivo.  
Furthermore, increased sensitivity to insulin during HS influenced lipolytic but not 
lipogenic response of adipocytes to HS. Further investigation is needed to further 
evaluate the effects of HS on specific signaling cascades involved in insulin regulation in 
lipid metabolism. 
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Figure 4.1. Cell viability assay and analysis of HSP27 protein abundance. A) Primary 
adipocytes from lactating cows (N=4) were used to evaluate cell viability using the 
PrestoBlue® Cell Viability Reagent from Life TechnologiesTM according to the 
manufacturer’s protocol. Absorbance readings were taken at 560 nm. B) The abundance 
of HSP27 protein was determined via semi-quantitative Western blotting to confirm an 
effect of thermal treatment. Primary adipocytes were incubated at 42°C (HS) or 37°C 
(TN) and harvested at 0, 30, 60, 120 min. Inset shows a representative Western blot. 
Lowercase letters correspond to differences across time point under TN conditions; 
Uppercase letters indicate differences across time points under HS. Bars indicate 
significant differences between temperature treatments (* P≤0.05, **P ≤0.001) 
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Figure 4.2. Effect of heat stress (HS) on the lipolytic response. A glycerol assay was 
performed to determine the effects of HS on the lipolytic response of bovine primary 
adipocytes to isoproterenol. Data represent the average glycerol concentration across 
cells from 5 cows for each isoproterenol by temperature (HS or thermal neutral, TN) 
treatment combination. 
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Figure 4.3. Effect of heat stress (HS) on inhibition of stimulated lipolysis by A) low (4.51 
x 10-7 M) and B) high (1 x 10-6 M) levels of insulin. A glycerol assay was performed to 
determine the inhibitory effect of insulin on the lipolytic response of bovine primary 
adipocytes to isoproterenol. Data represent the average glycerol concentration across 
cells from 5 cows for each  insulin by temperature (HS or thermal neutral, TN) treatment 
combination. 
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Figure 4.4. Protein abundance of hormone sensitive lipase phosphorylated at Serine 
residue 563 (PHSLSer563) relative to increasing isoproterenol concentration. 
Phosphorylation of HSL at Serine 563 upon treatment of bovine primary adipocytes with 
varying concentrations of isoproterenol (ISOP) and after incubation at either 42°C (HS) 
or 37°C (TN) was evaluated. Protein abundance was determined via semi-quantitative 
Western blotting, expressed as relative units and normalized to a common standard. Inset 
shows a representative Western blot. Lowercase letters correspond to differences across 
ISOP concentrations under TN conditions; Uppercase letters indicate differences across 
ISOP concentrations under HS. Bars indicate significant differences between temperature 
treatments (* P≤0.05, **P ≤0.001) 
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Figure 4.5. Protein abundance of A) adipose triglyceride lipase (ATGL), B) perilipin 
(PLIN) and phosphorylated perilipin (PPLIN) relative to increasing isoproterenol 
concentration. Protein samples used for semi-quantitative Western blotting were 
extracted from bovine primary adipocytes treated with varying concentrations of 
isoproterenol (ISOP) and incubated at either 42°C (HS) or 37°C (TN) conditions. 
Amount of protein is expressed as relative units after normalization with a common 
standard. All values are presented as means ± SE. Thermal treatment significantly altered 
the abundance of phosphorylated perilipin (PPLIN, P=0.03) but not total PLIN or ATGL. 
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Figure 4.6. Protein abundance of A) hormone sensitive lipase phosphorylated at Serine 
residue 563 (PHSLSer563) and B) perilipin (PLIN) with increasing insulin concentration. 
Protein samples used for semi-quantitative Western blotting were extracted from bovine 
primary adipocytes treated with varying concentrations of insulin (0-2.5 mU) and 
isoproterenol (ISOP, 10-6) and incubated at either 42°C (HS) or 37°C (TN) conditions. 
Amount of protein is expressed as relative units after normalization with a common 
standard. All values are presented as means ± SE. A decrease in the protein abundance of 
PHSLSer563  (P=0.03) and PLIN (P=0.04) was observed in cells exposed to heat stress. 
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Figure 4.7. Effect of insulin on A) rate of incorporation of radiolabeled acetate, and B) 
phosphorylation of acetyl CoA carboxylase in primary bovine adipocytes. 
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CHAPTER 5: 
INTEGRATIVE SUMMARY 
 The dairy industry has evolved tremendously through the years. Current selective 
breeding programs and farm management practices are geared towards producing animals 
whose production levels exceed those considered normal several decades ago. Moreover, 
climatic conditions have drastically changed through time, posing additional challenges 
to dairy farming worldwide. A substantial amount of research has focused on 
understanding the physiological and metabolic adaptations observed in dairy cows, 
particularly during the lactation period or in times of stress, which is vital in developing 
novel strategies (i.e. genetic, managerial or nutritional) to optimize dairy cow 
performance. 
 One of the many aspects that influence the physiology of the lactating dairy cow 
is energy balance. At the onset of lactation, dairy cows enter a state of NEBAL because 
the energetic demands for milk production and body maintenance are not met by feed 
intake. These animals partition a greater portion of available energy to milk production 
rather than body tissue accretion, mobilizing body energy reserves in the process. The 
ability of the dairy cow to adapt to these natural changes in energy balance often 
influences its productivity and survivability in the herd, as NEBAL has been linked to 
lower rates of reproduction and increased incidence of health problems. Adaptation to 
this condition therefore calls for coordination of the biological processes in the different 
tissues resulting in metabolic changes to ensure that the cow’s genetic potential for milk 
yield is exploited but at the same time physiological homeostasis is maintained. 
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 Beyond storage of energy reserves in the form of triacylglycerides, the discovery 
of the role of adipose tissue as an active endocrine organ has generated much interest to 
elucidate the association between lipid metabolism and milk production. Clearly, a 
balance between fat synthesis and breakdown is necessary to optimize an animal’s 
production potential. 
In this study, we investigated 2 different models of altered energy balance 
achieved via feed restriction (FR) and growth hormone (GH) administration, and 
specifically looked at cellular changes in lipid metabolism in terms of substrate 
interactions as well as abundance and phosphorylation of several lipolytic proteins. Our 
results showed that stimulation of lipolysis via PKA-mediated phosphorylation of HSL 
and PLIN is likely crucial during early lactation, but is less important during the later 
stages of lactation. The fact that decreased abundance of phosphorylated PLIN was 
observed after GH administration but not FR suggests that lipolysis is regulated by 
multiple mechanisms, and that regulation may vary according to physiological state. 
Another important finding in this study is that abundance of ATGL unexpectedly 
decreased across all models of energy insufficiency, which may indicate a unique 
regulatory mechanism of lipolysis in lactating dairy cows.  
Adaptation to changes in energy balance and regulation of adipose metabolism 
are further complicated by environmental factors that could also affect energy intake and 
expenditure. Among these is heat stress (HS), which has become a costly industry 
problem in recent years. Results of the current research showed that acute heat stress 
directly increases the lipolytic response of primary bovine adipocytes, which is contrary 
to existing in vivo data demonstrating that hyperthermic cows elicited a much lower 
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NEFA response to an epinephrine challenge. Our results also showed that adipocytes 
cultured under HS conditions were more responsive to the antilipolytic effects of insulin. 
This increased insulin sensitivity, combined with the elevated levels of circulating insulin 
during HS, may explain the lack of NEFA response observed in vivo. Contrastingly, HS 
cells were less responsive to lipogenic stimuli, as indicated by the lower amount of 
incorporated acetate into lipids of cells as well as increased phosphorylation of the 
lipogenic enzyme ACC. Our findings suggest that multiple signaling pathways may be 
involved in the regulation of lipid metabolism during HS. 
Further research is needed to evaluate how specific changes related to altered 
energy balance affect lipid metabolism, and how these collectively influence the adaptive 
behavior of lactating dairy cows. A better understanding of what goes on during adipose 
metabolism may be obtained by investigating enzyme activity levels as well as mRNA 
and protein abundance of the various components involved in the lipolytic and lipogenic 
pathways, and how these change in response to different physiological states. Although 
mRNA and protein levels are reportedly not well correlated, this data could provide 
information about conserved gene transcripts that would allow for a better understanding 
of gene regulation during these times of altered energy balance or stress.  
 
  
 
 
  
 
	   71	  
LITERATURE CITED 
 
Aggarwal, A., and R. Upadhyay. 2013. Heat Stress and Animal Productivity. ISBN 978-
81-322-0879-2 
 
Ahmadian, M., R.E. Duncan, K. Jaworski, E. Sarkadi-Nagy and H.S. Sul. 2007. 
Triacylglycerol metabolism in adipose tissue. Future Lipidol. 2(2):229-237. 
 
Altan O., A. Pabuccuoglu, A. Alton, S. Konyalioglu, and H. Bayraktar. 2003. Effect of 
heat stress on oxidative stress, lipid peroxidation and some stress parameters in 
broilers. Br. Poult. Sci. 4:545-550. 
Anthonsen, M.W., L. Rönnstrand, C. Wernstedt, E. Degerman, and C. Holm. 1998. 
Identification of novel phosphorylation sites in hormone-sensitive lipase that are 
phosphorylated in response to isoproterenol and govern activation properties in 
vitro. J. Biol. Chem. 273:215–21. 
Anthony, N.M., M.P. Gaidhu, and R.B. Ceddia. 2009. Regulation of visceral and 
subcutaneous adipocyte lipolysis by acute AICAR-induced AMPK activation. 
Obesity (Silver Spring). 17:1312–7. doi:10.1038/oby.2008.645. 
Ballard, F.J., and R.W. Hanson. 1967. Phosphoenolpyruvate carboxykinase and pyruvate 
carboxylase in developing rat liver. Biochem. J. 104:866–71. 
Bauman, D.E., and R.G. Vernon. 1993. Effects of exogenous bovine somatotropin on 
lactation. Ann. Rev. Nutr. 13:437-461. 
Baumgard L.H. and R.P. Rhoads. 2011. Ruminant Production and Metabolic Responses 
to Heat Stress. J. Ani. Sci. 90:1855–1865 
Baumgard, L.H., and R.P. Rhoads. 2012. Ruminant Nutrition Symposium: ruminant 
production and metabolic responses to heat stress. J. Anim. Sci. 90:1855–65. 
doi:10.2527/jas.2011-4675. 
Baumgard, L.H., and R.P. Rhoads. 2013. Effects of heat stress on postabsorptive 
metabolism and energetics. Annu. Rev. Anim. Biosci. 1:311–37. 
doi:10.1146/annurev-animal-031412-103644. 
Baumgard, L.H., J.B. Wheelock, S.R. Sanders, C.E. Moore, H.B. Green, M.R. Waldron, 
and R.P. Rhoads. 2011. Postabsorptive carbohydrate adaptations to heat stress and 
monensin supplementation in lactating Holstein cows. J. Dairy Sci. 94:5620–33. 
doi:10.3168/jds.2011-4462. 
Benovic, J., M. Bouvier, M. Caron and R. Lefkowitz. 1988. Regulation of adenyl 
cyclase-coupled β-adrenergic receptors. Annu.Rev. Cell Biol. 4:405-428. 
	   72	  
Bernabucci, U., N. Lacetera, B. Ronchi, A. Nardone. 2002. Markers of oxidative status in 
plasma and erythrocytes of transition dairy cows during hot season. J. Dairy Sci. 
85: 2173–2179 
Bernabucci, U., N. Lacetera, L. Basirico, B. Ronchi, P. Morera, E. Seren and A. Nardone. 
2006. Hot season and BCS affect leptin secretion in periparturient dairy cows. J. 
Dairy Sci. 89:348 
Bernabucci, U., N. Lacetera, L.H. Baumgard, R.P. Rhoads, B. Ronchi, and a Nardone. 
2010. Metabolic and hormonal acclimation to heat stress in domesticated ruminants. 
Animal. 4:1167–83. doi:10.1017/S175173111000090X. 
Bernabucci, U., S. Biffani, L. Buggiotti, a Vitali, N. Lacetera, and a Nardone. 2014. The 
effects of heat stress in Italian Holstein dairy cattle. J. Dairy Sci. 97:471–86. 
doi:10.3168/jds.2013-6611. 
Bines, J. A. and I. C. Hart. 1982.Metabolic limits to milk production, especially roles of 
growth hormone and insulin. J. Dairy Sci. 65:1375.  
Blackshaw, J.K., and A.W. Blackshaw. 1994. Heat stress in cattle and the effect of shade 
on production and behaviour  : a review. Aus. J. Experimental Agric. 34:285-95. 
Brasaemle, D.L. 2010. Lipolysis control: the plot thickens. Cell Metab. 11:173–4. 
doi:10.1016/j.cmet.2010.02.008. 
Butler, W. R., and R. D. Smith. 1989. Interrelationships between energy balance and 
postpartum reproductive function in dairy cattle. J. Dairy Sci. 72:767–783.  
Caimari, a, P. Oliver, and a Palou. 2008. Impairment of nutritional regulation of adipose 
triglyceride lipase expression with age. Int. J. Obes. (Lond). 32:1193–200. 
doi:10.1038/ijo.2008.69. 
Campagna, F., L. Nanni, F. Quagliarini, E. Pennisi, C. Michailidis, F. Pierelli, C. Bruno, 
C. Casali, S. DiMauro, and M. Arca. 2008. Novel mutations in the adipose 
triglyceride lipase gene causing neutral lipid storage disease with myopathy. 
Biochem. Biophys. Res. Commun. 377:843–846. doi:10.1016/j.bbrc.2008.10.081. 
Chaves, V.E., D. Frasson, and N.H. Kawashita. 2011. Several agents and pathways 
regulate lipolysis in adipocytes. Biochimie. 93:1631–40. 
doi:10.1016/j.biochi.2011.05.018. 
Collier, R, L.H. Baumgard, A. Lock and D. Bauman. 2005. Physiological limitations, 
nutrient partitioning. In: Yield of farmed species. Constraints and opportunities in 
the 21st Century, edited by Sylvester-Bradley R and Wiseman J. Nottingham 
University Press, Nottingham, UK. 
	   73	  
Contreras, G.A., and L.M. Sordillo. 2011. Lipid mobilization and inflammatory responses 
during the transition period of dairy cows. Comp. Immunol. Microbiol. Infect. Dis. 
34:281–9. doi:10.1016/j.cimid.2011.01.004. 
Deiuliis, J. a, J. Shin, D. Bae, M.J. Azain, R. Barb, and K. Lee. 2008. Developmental, 
hormonal, and nutritional regulation of porcine adipose triglyceride lipase (ATGL). 
Lipids. 43:215–25. doi:10.1007/s11745-007-3146-1. 
Deng, J., S. Liu, L. Zou, C. Xu, B. Geng, and G. Xu. 2012. Lipolysis response to 
endoplasmic reticulum stress in adipose cells. J. Biol. Chem. 287:6240–9. 
doi:10.1074/jbc.M111.299115. 
Du Prezz, J.H., P.J. Hattingh, W.H. Giesecke, and B.E. Eisenberg. 1990. Heat stress in 
dairy cattle and other livestock under southern African conditions. Monthly 
temperature-humidity index mean values and their significance in the 
performance of dairy cattle. Onderstepoort J. Vet. Res. 57:241–248. 
Duncan, R.E., M. Ahmadian, K. Jaworski, E. Sarkadi-Nagy, and H.S. Sul. 2007. 
Regulation of lipolysis in adipocytes. Annu. Rev. Nutr. 27:79–101. 
doi:10.1146/annurev.nutr.27.061406.093734. 
Egan, J.J., A.S. Greenberg, M.K. Chang and C. Londos. 1990. Control of endogenous 
phosphorylation of the major cAMP-dependent protein kinase substrate in 
adipocytes by insulin and beta-adrenergic stimulation. J. Biol. Chem. 
265(31):18769-75. 
Elkins, D.A, and D.M. Spurlock. 2009. Phosphorylation of perilipin is associated with 
indicators of lipolysis in Holstein cows. Horm. Met. Res. 41:736–40. 
doi:10.1055/s-0029-1225359. 
Farooq, U., H.A. Samad, F. Shehzad, and A. Qayyum. 2010. Physiological Responses of 
Cattle to Heat Stress. World Appl. Sci. J. 8:38–43. 
Faylon, M.P., D.E. Koltes, and D.M. Spurlock. 2014. Regulation of lipid droplet-
associated proteins following growth hormone administration and feed restriction in 
lactating Holstein cows. J. Dairy Sci. 97:2847–55. doi:10.3168/jds.2013-7565. 
Fenwick, M. A, S. Llewellyn, R. Fitzpatrick, D.A. Kenny, J.J. Murphy, J. Patton, and 
D.C. Wathes. 2008. Negative energy balance in dairy cows is associated with 
specific changes in IGF-binding protein expression in the oviduct. Reproduction 
(Cambridge, England). 135:63–75. doi:10.1530/REP-07-0243. 
Folch, J., M. Lees, and G. Stanley. 1957. a Simple Method for the Isolation and 
Purification of Total Lipides From Animal Tissues. J. Biol. Chem. 
	   74	  
Frayn, K.N., S.W. Coppack, S.M. Humphreys, and P.L. Whyte. 1989. Metabolic 
characteristics of human adipose tissue. Clin. Sci. 76(5):509-516. 
Fredholm, B.B. 1976. Release of adenosine-like material from isolated perfused dog 
adipose tissue following sympathetic nerve stimulation and its inhibition by 
adrenergic alpha-receptor blockade. Acta. Physiol. Scand. 96:122-130. 
Fredholm, B.B., F. Irenius, B. Kull and G. Schulte. 2001. Comparison of the potency of 
adenosine as an agonist at human adenosine receptors expressed in Chinese hamster 
ovary cells. Biochem. Pharmacol. 61(4):443-448. 
Gaidhu, M.P., N.M. Anthony, P. Patel, T.J. Hawke, and R.B. Ceddia. 2010. 
Dysregulation of lipolysis and lipid metabolism in visceral and subcutaneous 
adipocytes by high-fat diet: role of ATGL, HSL, and AMPK. Am. J. Physiol. Cell 
Physiol. 298:C961–71. doi:10.1152/ajpcell.00547.2009. 
Gaidhu, M.P., S. Fediuc, N.M. Anthony, M. So, M. Mirpourian, R.L.S. Perry, and R.B. 
Ceddia. 2009. Prolonged AICAR-induced AMP-kinase activation promotes energy 
dissipation in white adipocytes: novel mechanisms integrating HSL and ATGL. J. 
Lipid Res. 50:704–15. doi:10.1194/jlr.M800480-JLR200. 
Garcia, A., V. Subramanian, A. Sekowski, S. Bhattacharyya, M.W. Love, and D.L. 
Brasaemle. 2004. The amino and carboxyl termini of perilipin a facilitate the storage 
of triacylglycerols. J. Biol. Chem. 279:8409–16. doi:10.1074/jbc.M311198200. 
Garton, A.J., D.G. Campbell, D. Carling, D.G. Hardie, R.J. Colbran, and S.J. Yeaman. 
1989. Phosphorylation of bovine hormone-sensitive lipase by the AMP-activated 
protein kinase. A possible antilipolytic mechanism. Eur. J. Biochem. 179:249–54. 
Gauthier, D. 1986. The influence of season and shade on oestrous behaviour, timing of 
preovulatory LH surge and the pattern of progesterone secretion in FFPN and 
Creole heifers in a tropical climate. Reprod. Nutr. Dev. 26:767–775. 
Gauthier, M.-S., H. Miyoshi, S.C. Souza, J.M. Cacicedo, A.K. Saha, A.S. Greenberg, and 
N.B. Ruderman. 2008. AMP-activated protein kinase is activated as a consequence 
of lipolysis in the adipocyte: potential mechanism and physiological relevance. J. 
Biol. Chem. 283:16514–24. doi:10.1074/jbc.M708177200. 
Gilad E., R. Meidan, A. Berman, Y. Graber, and D. Wolfenson. 1993. Effect of heat 
stress on tonic and GnRH induced gonadotropin secretion in relation to 
concentration of estradiol in plasma of cyclic cows. J. Reprod. Fertil. 99:315–
321. 
	   75	  
Granneman, J.G., H.-P.H. Moore, R.L. Granneman, A.S. Greenberg, M.S. Obin, and Z. 
Zhu. 2007. Analysis of lipolytic protein trafficking and interactions in adipocytes. J. 
Biol. Chem. 282:5726–35. doi:10.1074/jbc.M610580200. 
Greenberg, A.S., J.J. Egan, S.A. Wek, N.B. Garty, E.J. Blanchette-Mackie, and C. 
Londos. 1991. Perilipin, a major hormonally regulated adipocyte-specific 
phosphoprotein associated with the periphery of lipid storage droplets. J. Biol. 
Chem. 266:11341–6. 
Gross, J., H.A. van Dorland, F.J. Schwarz, and R.M. Bruckmaier. 2011. Endocrine 
changes and liver mRNA abundance of somatotropic axis and insulin system 
constituents during negative energy balance at different stages of lactation in dairy 
cows. J. Dairy Sci. 94:3484–94. doi:10.3168/jds.2011-4251. 
Gupte, A. a, G.L. Bomhoff, C.D. Touchberry, and P.C. Geiger. 2011. Acute heat 
treatment improves insulin-stimulated glucose uptake in aged skeletal muscle. J. 
Appl. Physiol. 110:451–7. doi:10.1152/japplphysiol.00849.2010. 
Gwasdauskas, F.C., W.W. Thatcher, C.A. Kiddy, M.J. Paape, and C.J. Wilcox. 1981. 
Hormonal patterns during heat stress following PGF2α-tham salt induced luteal 
regression in heifers. Theriogenology. 19:271-285. 
Haemmerle, G., R. Zimmermann, M. Hayn, C. Theussl, G. Waeg, E. Wagner, W. Sattler, 
T.M. Magin, E.F. Wagner, and R. Zechner. 2002. Hormone-sensitive lipase 
deficiency in mice causes diglyceride accumulation in adipose tissue, muscle, and 
testis. J. Biol. Chem. 277:4806–15. doi:10.1074/jbc.M110355200. 
Hahn, G.L., T.L. Mader, and R.A. Eigenberg. 2003. Perspective on development of 
thermal indices for animal studies and management. EAAP Technical Series. 7: 
31–44. 
Hansen, J., M. Sato, and R. Ruedy. 2012. Perception of climate change. Proc. Natl. Acad. 
Sci. U. S. A. 109:E2415–23. doi:10.1073/pnas.1205276109. 
Hansen, P.J. 2005. Managing the heat-stressed cow to improve reproduction. Pages 63-76 
in Proc. of 7th Western Dairy Mgt. Conf., Reno, NV. 
Hatfield, J., G. Takle, R. Grotjahn, P. Holden, R. C. Izaurralde, T. Mader, E. Marshall, 
and D. Liverman. 2014. Agriculture. Climate Change Impacts in the United States: 
The Third National Climate Assessment, J. M. Melillo, Terese (T.C.) Richmond, 
and G. W. Yohe, Eds., U.S. Global Change Research Program, 150-174. 
doi:10.7930/J02Z13FR. 
Holm, C., T. Østerlund, H. Laurell, and J.A. Contreras. 2000. Molecular mechanisms 
regulating hormone sensitive lipase and lipolysis. Annu. Rev. Nutr. 20:365-93. 
	   76	  
Ji, P., J.S. Osorio, J.K. Drackley, and J.J. Loor. 2012. Overfeeding a moderate energy diet 
prepartum does not impair bovine subcutaneous adipose tissue insulin signal 
transduction and induces marked changes in peripartal gene network expression. J. 
Dairy Sci. 95:4333–51. doi:10.3168/jds.2011-5079. 
Jiang, H., J. He, S. Pu, C. Tang, and G. Xu. 2007. Heat shock protein 70 is translocated to 
lipid droplets in rat adipocytes upon heat stimulation. Biochim. Biophys. Acta. 
1771:66–74. doi:10.1016/j.bbalip.2006.10.004. 
Jocken, J.W.E., D. Langin, E. Smit, W.H.M. Saris, C. Valle, G.B. Hul, C. Holm, P. 
Arner, and E.E. Blaak. 2007. Adipose triglyceride lipase and hormone-sensitive 
lipase protein expression is decreased in the obese insulin-resistant state. J. Clin. 
Endocrinol. Metab. 92:2292–9. doi:10.1210/jc.2006-1318. 
Johansson, S.M., A. Salchi, M.E. Sandström, H. Westerblad, I. Lundquist, P.O. Carlsson, 
B.B. Fredholm and A. Katz. 2007. A1 receptor deficiency causes increased insulin 
and glucagon secretion in mice. Biochem. Pharmacol. 74:1628-1635. 
Johansson, S.M., E. Lindgren, J.N. Yang, A.W. Herling and B.B. Fredholm. 2008. 
Adenosine A1 receptors regulate lipolysis and lipogenesis in mouse adipose tissue 
– interactions with insulin. Eur. J. Pharmacol. 597:92-101. 
Jonsson, N.N., M.R. McGowan, K. McGuigan, T.M. Davison, a M. Hussain, M. Kafi, 
and A. Matschoss. 1997. Relationships among calving season, heat load, energy 
balance and postpartum ovulation of dairy cows in a subtropical environment. 
Anim. Reprod. Sci. 47:315–26. 
Kadokawa H. and B.G. Martin. 2006. A new perspective on Management of reproduction 
in dairy cows: the need for detailed metabolic information, an improved selection 
index and extended lactation. J. Reprod. Dev. 52(1):161-168. 
Kadowaki, T., T. Yamauchi, N. Kubota, K. Hara, K. Ueki, and K. Tobe. 2006. Review 
series Adiponectin and adiponectin receptors in insulin resistance, diabetes and 
the metabolic syndrome. 116. doi:10.1172/JCI29126.1784. 
Kadzere, C.T., M.R. Murphy, N. Silanikove, and E. Maltz. 2002. H eat stress in lactating 
dairy cows  : a review. 77:59–91. 
Karlsson, A.K., M. Elam, P. Friberg, F. Biering-Sörensen, L. Sullivan and P. Lönnroth. 
1997. Regulation of lipolysis by the sympathetic nervous system: a microdialysis 
study in normal and spinal cord-injured subjects. Metabolism. 46(4):388-94. 
Kershaw, E.E., and J.S. Flier. 2004. Adipose tissue as an endocrine organ. J. Clin. 
Endocrinol. Metab. 89:2548–56. doi:10.1210/jc.2004-0395. 
	   77	  
Kershaw, E.E., J.K. Hamm, L.A.W. Verhagen, O. Peroni, M. Katic, and J.S. Flier. 2010. 
NIH Public Access. 55:1–20. 
Kim, J.Y., K. Tillison, J.-H. Lee, D. a Rearick, and C.M. Smas. 2006. The adipose tissue 
triglyceride lipase ATGL/PNPLA2 is downregulated by insulin and TNF-alpha in 
3T3-L1 adipocytes and is a target for transactivation by PPARgamma. Am. J. 
Phys. Endo. Metab. 291:E115–27. doi:10.1152/ajpendo.00317.2005. 
Kolditz, C.-I., and D. Langin. 2010. Adipose tissue lipolysis. Curr. Opin. Clin. Nutr. 
Metab. Care. 13:377–81. doi:10.1097/MCO.0b013e32833bed6a. 
Koltes, D. A, and D.M. Spurlock. 2012. Adipose tissue angiopoietin-like protein 4 
messenger RNA changes with altered energy balance in lactating Holstein cows. 
Domest. Anim. Endocrinol. 43:307–16. doi:10.1016/j.domaniend.2012.05.004. 
Koltes, D.A., and D.M. Spurlock. 2011. Coordination of lipid droplet-associated proteins 
during the transition period of Holstein dairy cows. J. Dairy Sci. 94:1839–1848. 
doi:10.3168/jds.2010-3769. 
Lampidonis, A.D., E. Rogdakis, G.E. Voutsinas, and D.J. Stravopodis. 2011. The 
resurgence of Hormone-Sensitive Lipase (HSL) in mammalian lipolysis. Gene. 
477:1–11. doi:10.1016/j.gene.2011.01.007. 
Langin, D., and P. Arner. 2006. Importance of TNFalpha and neutral lipases in human 
adipose tissue lipolysis. Trends Endocrinol. Metab. 17:314–20. 
doi:10.1016/j.tem.2006.08.003. 
Lass, A., R. Zimmermann, and M. Oberer. 2011. Lipolysis – a highly regulated multi-
enzyme complex mediates the catabolism of cellular fat stores. Prog. Lipid Res. 
50:14–27. doi:  10.1016/j.plipres.2010.10.004. 
Lass, A., R. Zimmermann, G. Haemmerle, M. Riederer, G. Schoiswohl, M. Schweiger, P. 
Kienesberger, J.G. Strauss, G. Gorkiewicz, and R. Zechner. 2006. Adipose 
triglyceride lipase-mediated lipolysis of cellular fat stores is activated by CGI-58 
and defective in Chanarin-Dorfman Syndrome. Cell Metab. 3:309–19. 
doi:10.1016/j.cmet.2006.03.005. 
Liu, S.C.H., Wang, Q., Lienhard, G.E., and Keller, S.R. 1999. Insulin receptor substrate 3 
is not essential for growth or glucose homeostasis. J. Biol. Chem. 274:18093-
18099. 
Locher, L.F., J. Rehage, N. Khraim, U. Meyer, S. Dänicke, K. Hansen, and K. Huber. 
2012. Lipolysis in early lactation is associated with an increase in phosphorylation 
of adenosine monophosphate-activated protein kinase (AMPK)α1 in adipose tissue 
of dairy cows. J. Dairy Sci. 95:2497–504. doi:10.3168/jds.2011-4830. 
	   78	  
Locher, L.F., N. Meyer, E.-M. Weber, J. Rehage, U. Meyer, S. Dänicke, and K. Huber. 
2011. Hormone-sensitive lipase protein expression and extent of phosphorylation in 
subcutaneous and retroperitoneal adipose tissues in the periparturient dairy cow. J. 
Dairy Sci. 94:4514–23. doi:10.3168/jds.2011-4145. 
Londos. C.. R.C. Honnor. And G.S. Dhillon. 1985. cAMP-dependent protein kinase and 
lipolysis in rat adipocytes. III. Multiple modes of insulin regulation of lipolysis and 
regulation of insulin responses by adenylate cyclase regulators. J. Biol. Chem. 
260:15139-15145. 
Lönnroth, P., P.A. Jansson, B.B. Fredholm and U. Smith. 1989. Microdialysis of 
intercellular adenosine concentration in subcutaneous tissue in humans. Am. J. 
Physiol. 256, E250-E255.            
Mairal, a, D. Langin, P. Arner, and J. Hoffstedt. 2006. Human adipose triglyceride lipase 
(PNPLA2) is not regulated by obesity and exhibits low in vitro triglyceride 
hydrolase activity. Diabetologia. 49:1629–36. doi:10.1007/s00125-006-0272-x. 
Mann G.E., and G.E. Lamming. 2001. Relationship between maternal endocrine 
environment, early embryo development and inhibition of leutolytic mechanism 
in cows. Reprod. 121:175–180. 
McMurray, R.G., and A.C. Hackney. 2005. Interactions of Metabolic Hormones, Adipose 
Tissue and Exercise. Sport. Med. 35:393–412. doi:10.2165/00007256-200535050-
00003. 
Miyoshi, H., S.C. Souza, H.-H. Zhang, K.J. Strissel, M. a Christoffolete, J. Kovsan, A. 
Rudich, F.B. Kraemer, A.C. Bianco, M.S. Obin, and A.S. Greenberg. 2006. Perilipin 
promotes hormone-sensitive lipase-mediated adipocyte lipolysis via 
phosphorylation-dependent and -independent mechanisms. J. Biol. Chem. 
281:15837–44. doi:10.1074/jbc.M601097200. 
Moore, H.-P.H., R.B. Silver, E.P. Mottillo, D. a Bernlohr, and J.G. Granneman. 2005. 
Perilipin targets a novel pool of lipid droplets for lipolytic attack by hormone-
sensitive lipase. J. Biol. Chem. 280:43109–20. doi:10.1074/jbc.M506336200. 
Morera, P., L. Basiricò, K. Hosoda, and U. Bernabucci. 2012. Chronic heat stress up-
regulates leptin and adiponectin secretion and expression and improves leptin, 
adiponectin and insulin sensitivity in mice. J. Mol. Endocrinol. 48:129–38. 
doi:10.1530/JME-11-0054. 
Morimoto, C., K. Kameda, T. Tsujita, and H. Okuda. 2001. Relationships between 
lipolysis induced by various lipolytic agents and hormone-sensitive lipase in rat fat 
cells. J. Lipid Res. 42:120-127. 
	   79	  
Morimoto, C., T. Tsujita, and H. Okuda. 1998. Antilipolytic actions of insulin on basal 
and hormone-induced lipolysis in rat adipocytes. J. Lipid Res. 39:957–962. 
Nardone, A., B. Ronchi, N. Lacetera, M.S. Ranieri, and U. Bernabucci. 2010. Effects of 
climate changes on animal production and sustainability of livestock systems. 
Livest. Sci. 130:57–69. doi:10.1016/j.livsci.2010.02.011. 
National Research Council. 2001. Nutrient requirements of dairy cattle. 7th ed. Natl. 
Acad. Press, Washington D.C. 
Nielsen, T.S., U. Kampmann, R.R. Nielsen, N. Jessen, L. Orskov, S.B. Pedersen, J.O. 
Jørgensen, S. Lund, and N. Møller. 2012. Reduced mRNA and protein expression of 
perilipin A and G0/G1 switch gene 2 (G0S2) in human adipose tissue in poorly 
controlled type 2 diabetes. J. Clin. Endocrinol. Metab. 97:E1348–52. 
doi:10.1210/jc.2012-1159. 
NOAA, cited 2011: Billion-Dollar Weather/Climate Disasters, Distribution and Change: 
2000 to 2010, summary statistics. NOAA’s National Climatic Data Center. 
[Available online at http://www.ncdc.noaa.gov/billions/summary-stats] 
O’Brien, M.D., R.P. Rhoads, S.R. Sanders, G.C. Duff, and L.H. Baumgard. 2010. 
Metabolic adaptations to heat stress in growing cattle. Domest. Anim. Endocrinol. 
38:86–94. doi:10.1016/j.domaniend.2009.08.005. 
Olsson, H., and P. Belfrage. 1987. The regulatory and basal phosphorylation sites of 
hormone-sensitive lipase are dephosphorylated by protein phosphatase-1, 2A and 
2C but not by protein phosphatase-2B. Eur. J. Biochem. 168: 399–405 
Oltenacu, P.A. and B. Algers. 2005. Selection for increased production and the welfare of 
dairy cows: are new breeding goals needed? Ambio 34: 308-312. 
Patton J, D.A. Kenny, J.F.Mee, F.P. O’Mara, D.C. Wathes, M. Cook and J.J. Murphy. 
2006 Effect of milking frequency and diet on milk production, energy balance, 
and reproduction in dairy cows. J. Dairy Sci. 89:1478–1487.  
Rhoads, M.L., J.W. Kim, R.J. Collier, B.A. Crooker, Y.R. Boisclair, L.H. Baumgard, and 
R.P. Rhoads. 2010. Effects of heat stress and nutrition on lactating Holstein cows: II. 
Aspects of hepatic growth hormone responsiveness. J. Dairy Sci. 93:170–9. 
doi:10.3168/jds.2009-2469. 
Rhoads, M.L., R.P. Rhoads, M.J. VanBaale, R.J. Collier, S.R. Sanders, W.J. Weber, B. a 
Crooker, and L.H. Baumgard. 2009. Effects of heat stress and plane of nutrition 
on lactating Holstein cows: I. Production, metabolism, and aspects of circulating 
somatotropin. J. Dairy Sci. 92:1986–97. doi:10.3168/jds.2008-1641. 
	   80	  
Rhoads, R.P., L.H. Baumgard, J.K. Suagee, and S.R. Sanders. 2013. Nutritional 
Interventions to Alleviate the Negative Consequences of Heat Stress 1 , 2. 267–276. 
doi:10.3945/an.112.003376.during. 
Roepstorff, C., B. Vistisen, M. Donsmark, J.N. Nielsen, H. Galbo, K. a Green, D.G. 
Hardie, J.F.P. Wojtaszewski, E. a Richter, and B. Kiens. 2004. Regulation of 
hormone-sensitive lipase activity and Ser563 and Ser565 phosphorylation in human 
skeletal muscle during exercise. J. Physiol. 560:551–62. 
doi:10.1113/jphysiol.2004.066480. 
Ronchi, B., G. Stradaioli, A. Verini Supplizi, U. Bernabucci, N. Lacetera, P.A. Accorsi, 
A. Nardone and E. Seren. 2001. Influence of heat stress and feed restriction on 
plasma progesterone, estradiol-17b, LH, FSH, prolactin and cortisol in Holstein 
heifers. Livestock Prod. Sci. 68: 231–241. 
Ronchi, B., U. Bernabucci, N. Lacetera, A. Verini Supplizi, and A. Nardone. 1999. 
Distinct and common effects of heat stress and restricted feeding on metabolic 
status in Holstein heifers. Zoot. Nutr. Anim. 25:71–80. 
Roth, Z., R. Meidan, R. Braw-Tal, and D. Wolfenson. 2000. Immediate and delayed 
effects of heat stress on follicular development and its association with plasma 
FSH and inhibin concentration in cows. J. Reprod. Fertil. 120:83–90. 
Rydén, M., J. Jocken, V. van Harmelen, A. Dicker, J. Hoffstedt, M. Wirén, L. Blomqvist, 
A. Mairal, D. Langin, E. Blaak, and P. Arner. 2007. Comparative studies of the role 
of hormone-sensitive lipase and adipose triglyceride lipase in human fat cell 
lipolysis. Am. J. Physiol. Endocrinol. Metab. 292:E1847–55. 
doi:10.1152/ajpendo.00040.2007. 
SAS. SAS User’s Guide: Statistics Version 8, Cary, NC, USA: SAS Institute Inc., 1999 
Scholtz, M.M., C. Mcmanus, K. Leeuw, H. Louvandini, L. Seixas, and C.B. De Melo. 
2013. The effect of global warming on beef production in developing countries of 
the southern hemisphere. 5:106–119. 
Schweiger, M., R. Schreiber, G. Haemmerle, A. Lass, C. Fledelius, P. Jacobsen, H. 
Tornqvist, R. Zechner, and R. Zimmermann. 2006. Adipose triglyceride lipase and 
hormone-sensitive lipase are the major enzymes in adipose tissue triacylglycerol 
catabolism. J. Biol. Chem. 281:40236–41. doi:10.1074/jbc.M608048200. 
Sharma, A.K., L.A. Rodriguez, G. Mekonnen, C.J. Wilcox, K.C. Bachman, and R.J. 
Collier. 1983. Climatological and genetic effects on milk composition and yield. 
J. Dairy Sci. 66:119–26. doi:10.3168/jds.S0022-0302(83)81762-7. 
	   81	  
Shwartz, G., M.L. Rhoads, M.J. VanBaale, R.P. Rhoads, and L.H. Baumgard. 2009. 
Effects of a supplemental yeast culture on heat-stressed lactating Holstein cows. J. 
Dairy Sci. 92:935–42. doi:10.3168/jds.2008-1496. 
Spurlock, M., J. Cusumano, S. Ji, D. Anderson, C. Smith II, D. Hancock and S. Mills. 
1994. The effect of ractopamine on beta-adrenorecpetors density and affinity in 
porcine adipose and skeletal muscle tissue. J. Ani. Sci. 67: 3495-3502. 
St. Pierre N.R., B. Cobanov and G. Schnitkey. 2003. Economic losses from heat stress by 
US livestock industries. J. Dairy Sci. 86:E52–77 . 
Stralfors, P. and R.C. Honnor. 1989. Insulin-induced dephosphorylation of hormone-
sensitive lipase: correlation with lipolysis and CAMP-dependent protein kinase 
activity. Eur. J. Biochem. 182:379-385. 
Subramanian, V., A. Rothenberg, C. Gomez, A.W. Cohen, A. Garcia, S. Bhattacharyya, 
L. Shapiro, G. Dolios, R. Wang, M.P. Lisanti, and D.L. Brasaemle. 2004. Perilipin 
A mediates the reversible binding of CGI-58 to lipid droplets in 3T3-L1 adipocytes. 
J. Biol. Chem. 279:42062–71. doi:10.1074/jbc.M407462200. 
United States Environmental Protection Agency. 2014. www.epa.gov 
Van der Drift, S.G. a, R.R. Everts, M. Houweling, L. a M.G. van Leengoed, J. a 
Stegeman, a G.M. Tielens, and R. Jorritsma. 2013. Effects of β-hydroxybutyrate and 
isoproterenol on lipolysis in isolated adipocytes from periparturient dairy cows and 
cows with clinical ketosis. Res. Vet. Sci. 94:433–9. doi:10.1016/j.rvsc.2012.11.009. 
Veerkamp, R. F, & G.C. Emmans. 1995. Sources of genetic variation in energetic 
efficiency of dairy cows. Livest. Prod. Sci. 44:87-97.  
Villena, J.A., B. Viollet, F. Andreelli, A. Kahn, S. Vaulont, and H.S. Sul. 2004. Lacking 
the AMP-Activated Protein Kinase- α2 Subunit. Diabetes. 53:2242-49. 
doi:10.2337/diabetes.53.9.2242 
Wang, H., M. Bell, U. Sreenevasan, H. Hu, J. Liu, K. Dalen, C. Londos, T. Yamaguchi, 
M. a Rizzo, R. Coleman, D. Gong, D. Brasaemle, and C. Sztalryd. 2011. Unique 
regulation of adipose triglyceride lipase (ATGL) by perilipin 5, a lipid droplet-
associated protein. J. Biol. Chem. 286:15707–15. doi:10.1074/jbc.M110.207779. 
Wathes D.C, M. Fenwick, Z. Cheng, N. Bourne, S. Llewellyn, D.G. Morris, D. Kenny, J. 
Murphy and R. Fitzpatrick. 2007. Influence of negative energy balance on 
cyclicity and fertility in the high producing dairy cow. Theriogenology 68 S232–
S241. 
	   82	  
Watt, M.J., A.G. Holmes, S.K. Pinnamaneni, A.P. Garnham, G.R. Steinberg, B.E. Kemp, 
and M. a Febbraio. 2006. Regulation of HSL serine phosphorylation in skeletal 
muscle and adipose tissue. Am. J. Physiol. Endocrinol. Metab. 290:E500–8. 
doi:10.1152/ajpendo.00361.2005. 
Watt, M.J., and G.R. Steinberg. 2008. Regulation and function of triacylglycerol lipases 
in cellular metabolism. Biochem. J. 414:313–25. doi:10.1042/BJ20080305. 
West, J.W. 2003. Effects of heat-stress on production in dairy cattle. J. Dairy Sci. 
86:2131–44. doi:10.3168/jds.S0022-0302(03)73803-X. 
Wheelock, J.B., R.P. Rhoads, M.J. Vanbaale, S.R. Sanders, and L.H. Baumgard. 2010. 
Effects of heat stress on energetic metabolism in lactating Holstein cows. J. Dairy 
Sci. 93:644–55. doi:10.3168/jds.2009-2295. 
Wolfenson, D., H. Sonego, a Bloch, a Shaham-Albalancy, M. Kaim, Y. Folman, and R. 
Meidan. 2002. Seasonal differences in progesterone production by luteinized 
bovine thecal and granulosa cells. Domest. Anim. Endocrinol. 22:81–90. 
Yamaguchi, T., N. Omatsu, S. Matsushita, and T. Osumi. 2004. CGI-58 interacts with 
perilipin and is localized to lipid droplets. Possible involvement of CGI-58 
mislocalization in Chanarin-Dorfman syndrome. J. Biol. Chem. 279:30490–7. 
doi:10.1074/jbc.M403920200. 
Yang, X., B.L. Heckmann, X. Zhang, C.M. Smas, and J. Liu. 2013. Distinct mechanisms 
regulate ATGL-mediated adipocyte lipolysis by lipid droplet coat proteins. Mol. 
Endocrinol. 27:116–26. doi:10.1210/me.2012-1178. 
Yin, W., J. Mu, and M.J. Birnbaum. 2003. Role of AMP-activated protein kinase in 
cyclic AMP-dependent lipolysis In 3T3-L1 adipocytes. J. Biol. Chem. 278:43074–
80. doi:10.1074/jbc.M308484200. 
Younas, M., J.W. Fuquay, a E. Smith, and a B. Moore. 1993. Estrous and endocrine 
responses of lactating Holsteins to forced ventilation during summer. J. Dairy Sci. 
76:430–6. doi:10.3168/jds.S0022-0302(93)77363-4. 
Zhao, Y.M., U. Basu, M. V Dodson, J. a Basarb, and L.L. Guan. 2010. Proteome 
differences associated with fat accumulation in bovine subcutaneous adipose 
tissues. Proteome Sci. 8:14. doi:10.1186/1477-5956-8-14. 
Zimmermann, R., J.G. Strauss, G. Haemmerle, G. Schoiswohl, R. Birner-Gruenberger, 
M. Riederer, A. Lass, G. Neuberger, F. Eisenhaber, A. Hermetter, and R. Zechner. 
2004. Fat mobilization in adipose tissue is promoted by adipose triglyceride lipase. 
Science. 306:1383–6. doi:10.1126/science.1100747. 
